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Chapter 1 | Abstract/ Zusammenfassung 

Listeria monocytogenes is one of the most successful food-borne pathogens worldwide. Despite 

available treatment with cell wall targeting antibiotics an infection with concomitant development 

of listeriosis results in death in approximately 13% of the cases. Hence, the cell wall has been 

subject to extensive studies due to its potential as a target for novel drugs. Nevertheless, various 

involved factors are still uncharacterized, and how the associated pathways are interconnected 

and communicate with each other remains elusive. L. monocytogenes outbreaks are often 

associated with strains that are tolerant towards quaternary ammonium compounds (QAC), the 

active agent in disinfectants, which is commonly applied to prevent contamination. The underlying 

genomics of QAC adaptation are poorly understood and studies often solely focus on tolerance 

towards benzalkonium chloride (BAC). In our study we employed an intensive in-depth suppressor 

screen to A) investigate the potential role of the putative ABC transporter EslABC in cell wall 

biosynthesis, lysozyme resistance and cell division and B) identify mechanisms that confer 

tolerance towards the two QACs BAC and cetyltrimethylammonium bromide (CTAB). The 

identification of mutations in a strain lacking the transmembrane protein EslB revealed an 

involvement of the transporter in several processes associated with cell wall homeostasis. 

Phenotypic defects of the ΔeslB strain, such as sensitivity towards lysozyme or a cell division 

defect, could be rescued via different mechanisms, including increased production of 

peptidoglycan (PG) biosynthesis as well as reduced PG hydrolysis. We hypothesised that the 

phenotypes are a consequence of a combination of several disrupted processes associated with 

cell wall homeostasis that potentially result from altered levels or availability of UDP-GlcNAc. This 

is demonstrated by reduced PG levels established in a thinner cell wall, as well as an overall more 

negative surface charge that enables increased binding and activity of cationic compounds such 

as lysozyme and hydrolases. Altogether EslB is a prime example which demonstrates that the loss 

of a single factor can have implementations on various crucial processes, highlighting the intricate 

nature of communication and harmonization of cell wall associated pathways. The second part of 

the thesis revealed that the EGD-e wildtype strain readily adapts to BAC and CTAB stress 

predominantly via mutations that result in overexpression of the efflux systems FepA and SugE1/2, 

respectively. FepA seems to have a higher affinity for BAC, while SugE1/2 is the main system for 

CTAB tolerance. Interestingly, fepA associated mutations additionally conferred resistance 

towards gentamycin and ciprofloxacin, raising the question if it is more beneficial to use CTAB as 

the active agent in disinfectants to avoid cross-adaptation. Altogether, this study revealed the 

underlying mechanisms responsible for CTAB and BAC adaptation in L. monocytogenes. 
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Die manifeste Listeriose, die durch das Human Pathogen Listeria monocytogenes ausgelöst wird, 

führt trotz Behandlung mit Zellwandantibiotika in ca. 13% der Fälle zum Tod. Bei der Entwicklung 

neuartiger Medikamente steht die bakterielle Zellwand als potenzieller Angriffspunkt im Fokus. 

Trotz zahlreicher Studien gibt es jedoch immer noch etliche unbestimmte Faktoren und viele 

offene Fragen in Bezug auf das Zusammenspiel und die Abhängigkeit der verschiedenen Prozesse, 

die zum Aufbau der Zellwand beitragen. Zur Bekämpfung von Kontamination wird häufig auf die 

Verwendung von Desinfektionsmittel, die quaternäre Ammoniumverbindungen (QACs) als 

antimikrobiellen Wirkstoff beinhalten, zurückgegriffen. Daher stehen Ausbrüche häufig in 

Verbindung mit Stämmen, die eine erhöhte transiente Toleranz gegenüber QACs aufweisen. Die 

genomischen Variationen, die für die QAC-Adaption verantwortlich sind, werden allerdings oft nur 

am Rande behandelt. Mit dieser Arbeit wird das Ziel verfolgt, zum einen die Rolle des putativen 

ABC Transporters EslABC im Kontext der Zellwandbiosynthese, der Zellteilung und der Sensitivität 

gegenüber Lysozym zu beleuchten und zum anderen die zugrundeliegenden genomischen 

Mechanismen zu identifizieren, die für die Toleranz gegenüber den beiden QACs BAC und 

Cetyltrimethylammoniumbromid (CTAB) verantwortlich sind. Suppressor Mutationen, die in 

einem Stamm identifiziert wurden, der das Transmembranprotein EslB des Transporters nicht 

mehr aufweist, legen die Beteiligung des Transporters in der Zellwandhomöostase nahe. Die 

phänotypischen Defekte der ΔeslB Mutante, wie zum Beispiel eine erhöhte Sensitivität zu Lysozym 

oder ein Zellteilungsdefekt, konnten unter anderem durch reduzierte Aktivität von Zellwand 

Hydrolasen, oder durch erhöhte Peptidoglycan (PG) Biosynthese aufgehoben werden. Wir 

vermuten, dass die Phänotypen ein Resultat aus der Kombination von verschiedenen gestörten 

Prozessen sind, die an der Erhaltung der Zellwandhomöostase beteiligt sind. Veränderte 

UDP-GlcNAc Mengen, oder Verfügbarkeit, die sich durch reduzierte PG Mengen, einer damit 

verbundenen dünneren Zellwand, so wie eine erhöhte negative Zellladung, widerspiegelt, spielen 

dabei vermutlich eine ausschlaggebende Rolle. Am Beispiel von EslB wird hervorgehoben, dass 

der Verlust eines einzelnen Faktors Auswirkungen auf diverse grundlegende Prozesse haben kann. 

Diese verdeutlichen die Komplexität der Abhängigkeit, Kommunikation und Balance zwischen 

verschiedenen Prozessen, die einer reibungslosen Zellwandarchitektur zu Grunde liegen. In dem 

zweiten Teil der Arbeit konnte gezeigt werden, dass die Überproduktion von den Effluxpumpen 

FepA und SugE1/2, die durch Mutationen hervorgerufen wurden zur Toleranz gegenüber BAC und 

CTAB führen. Dabei legen die Daten nahe, dass FepA eine größere Rolle für die BAC-Toleranz 

spielt, während SugE1/2 wichtiger für CTAB-Anpassung sind. Da Mutationen im fepA Gen 

zusätzliche zur Resistenz gegenüber Ciprofloxacin und Gentamycin führten, ist es vermutlich 

ratsamer in Desinfektionsmitteln eher auf CTAB als Wirkstoff zurückzugreifen.
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Chapter 2 | Introduction 

Humans are surrounded by a diverse array of microorganisms, which proliferate not only in 

natural environments such as soil, river, or plants, but are also present for instance in kitchen 

sinks, on our phones or in our body. Bacteria display the largest group of microorganisms and are 

often associated with disease. Contrary to popular believe many bacteria are beneficial for human 

health, as they comprise a significant portion of the human body and aid in preventing infections 

by competing with pathogenic bacteria or by creating acidic environments. In addition, they are 

beneficial due to the production of essential vitamins such as vitamin B12 in our gut (Magnúsdóttir 

et al. 2015). Generally, microorganisms have adapted to proliferate in various environmental 

niches. Especially skilled microbes are the ones that can survive and thrive in the environment and 

additionally infect animals and humans. Those pathogens are often equipped with numerous 

virulence factors that allow survival under extreme conditions and inside the human host. 

Counteracting infection and preventing spread of pathogens is hence a crucial task. Understanding 

intricate pathways such as the composition and organization of the cell wall which is conserved in 

most bacteria, or resistance mechanisms that can be acquired to withstand common counter 

measurements is of utmost importance.  

2.1 The foodborne pathogen Listeria monocytogenes 

Listeria monocytogenes is a saprophytic, non-sporeforming, facultative anaerobe gram-positive 

bacterium. The pathogen is well known for its biphasic lifestyle, which allows its growth as a 

ubiquitous saprophyte in extracellular environments, feeding on decaying plant material, or as an 

intracellular pathogen in the cytosol of mammalian cells. Infection of L. monocytogenes is 

commonly caused by ingestion of contaminated foods, such as cheese (Carlin et al. 2022), 

processed meat (Thomas et al. 2020) or ice-cream (Rietberg et al. 2016). While an infection 

generally leads to a self-limiting gastroenteritis in healthy individuals, in immunocompromised 

individuals, such as pregnant women or the elderly, an infection can become systemic, also known 

as invasive listeriosis, which was reported to have a ~95% hospitalization and a ~13% fatality rate 

in 2021 in the EU (Allerberger and Wagner 2010; EFSA 2022). In case of severe infections, the 

pathogen initially gains access to internal organs by crossing the intestinal epithelium, which 

subsequently enables the crossing of further barriers, such as the blood-brain-barrier or the 

fetoplacental-barrier, potentially resulting in meningitis or infection of the foetus and in 

consequence to miscarriage. The spread of L. monocytogenes to different parts of the body is 

facilitated by macrophage migration, enabling evasion of the immune system (Lecuit 2007; 
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Bakardjiev et al. 2004; Smith et al. 2008; Drevets and Bronze 2008; Hamon et al. 2006). While 

invasion of macrophages is a passive process, receptor mediated endocytosis or phagocytosis of 

the pathogen into non-professional phagocytes requires binding of the bacterial surface proteins 

internalin A (InlA) and internalin B (InlB) to host cell receptors (Schubert et al. 2002). More 

specifically, InlA and InlB bind to the host cell epithelial-cell protein E-cadherin (Mengaud et al. 

1996) and the Met receptor tyrosine kinase of the host cell, respectively (Shen et al. 2000). After 

internalization, the membrane bound phagosome is lysed with the help of the pore-forming toxin 

listeriolysin O (LLO) and the cells escape into the cytoplasm, where they surround themselves with 

actin filaments and divide (Cheng et al. 2017). After division, actin filaments assemble to a so-

called actin tail, which allows cell to cell spread without exposure to the host immune system 

(Tilney and Portnoy 1989; Hamon et al. 2006).  The intracellular lifestyle of Listeria does not only 

allow evasion of the immune system, but also complicates adequate antibiotic treatment. Up to 

date, β-lactam antibiotics, such as penicillin, ampicillin or amoxicillin, are typically used in 

combination with gentamycin to treat listeriosis. Even though a combined treatment is effective, 

~13% of all hospitalized patients still die from infection. In addition, proper prevention of spread 

can help avoid infection, which is especially important in food processing environments (Temple 

and Nahata 2000).  

2.2 Classification of antibiotics 

Antibiotics are typically classified based on their mechanism of action. The biggest group of 

antibiotics are substances that target bacterial cell wall synthesis. This includes β-lactams, such as 

ampicillin or penicillin, as well as antibiotics vancomycin or bacitracin, which target different steps 

in cell wall biosynthesis (Watanakunakorn 1984; Stone and Strominger 1971). Moreover, 

antibiotics such as polymyxins target the cell membrane. In addition, some antibiotics interfere 

with protein biosynthesis by inhibiting the 30S or 50S subunit of the ribosome such as tetracycline 

and aminoglycosides like gentamycin, or clindamycin and chloramphenicol, respectively. Likewise, 

DNA gyrases, RNA polymerases or folate synthesis can also be the target of antibiotics (Kapoor et 

al. 2017). Antibiotics that were analysed during the course of this study are represented in 

Table 2.1 and further discussed in Chapter 2.2. Since cell wall targeting antibiotics are the 

treatment of choice for invasive listeriosis, the identification of novel factors involved in cell wall 

biosynthesis is of foremost importance.  
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Table 2.1 | Cell wall-targeting antibiotics and their mechanism of action. 

Antibiotic Mechanism of action Reference 

Fosfomycin Inhibits the activity of MurA by 
binding to the Cys-115 residue 

(Marquardt et al. 1994; 
Eschenburg et al. 2004) 

trans-Cinnamaldehyde 

 (t-Cin) 

Suggested to interfere with 
substrate availability of the 
GlmSMUR pathway leading to 
inhibition of UDP-GlcNAc 
synthesis 

(Sun et al. 2021b) 

Ampicillin Inhibits the transpeptidase 
activity of PBPs 

(Kaushik et al. 2014) 

Penicillin Inhibits the transpeptidase 
activity of PBPs 

(Yocum et al. 1980) 

Moenomycin Inhibits the glycosyltransferase 
activity of class A PBPs 

(Huber and Nesemann 1968) 

Nisin Blocks the activity of PBPs by 
binding and encapsulating lipid II, 
which additionally promotes pore 
formation in the membrane 

(Hsu et al. 2004; Breukink et 
al. 1999) 

Bacitracin Inhibits dephosphorylation of the 
Und-P precursor UPP, blocking 
Und-P synthesis and recycling 

(Stone and Strominger 1971) 

D-Cycloserine Analogue of D-alanine. Sequesters 
the D-Ala pool by targeting Alr 
and Ddl 

(Lambert and Neuhaus 1972; 
Neuhaus and Lynch 1964) 

Tunicamycin Targets WTA biosynthesis by 
inhibiting the activity of TarO at 
low concentrations. Blocks the 
activity of MraY, thereby 
inhibiting the formation if lipid I at 
higher concentrations  

(Hakulinen et al. 2017; 
Pooley and Karamata 2000) 

Vancomycin Binds to the D-alanyl-D-alanine 
residue at the carboxylic and of 
the peptidoglycan precursor, 
thereby sterically hindering 
activity of PBPs 

(Watanakunakorn 1984) 
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2.3 Cell wall biosynthesis  

The cell wall is a crucial component of bacterial cells that provides support and protection against 

the hostile extracellular environment. The biosynthesis and assembly of the cell wall is a 

multifaceted process that depends on the coordinated activity of numerous enzymes and 

metabolic pathways. Understanding the associated underlying molecular mechanisms that are 

required for proper synthesis of the cell wall and for maintaining its sophisticated architecture is 

crucial for the development of novel strategies to combat bacterial infections, as well as for 

exploring the fundamental principles that are required for bacterial proliferation and survival. 

Hence, the cell wall has been object to research for many decades, and the interest in 

understanding the structure and biosynthesis has dramatically increased with the identification of 

penicillin as an antimicrobial agent by Alexander Fleming in 1929 (Fleming 1929). However, even 

though extensive research has been conducted, numerous open questions remain and novel 

factors that are involved are identified every day. The bacterial cell wall is a complex structure 

that is essential for withstanding turgor pressure for maintenance of the cell shape, and that 

provides protection against harmful extracellular compounds. This is partly achieved due to the 

incorporation of polyanionic polymers, called lipoteichoic acid (LTA) and wall teichoic acids (WTA) 

that contribute to the negative surface charge of the cell. The biosynthesis of its main component, 

peptidoglycan (murein) is a multifaceted process, which is essential for growth and division and 

involves a diverse range of proteins necessary for synthesis of nucleotide precursors, synthesis of 

lipid-linked intermediates, polymerization, transport, or hydrolysis, to only name a few (Figure 

2.1). Antibiotics that inhibit peptidoglycan (PG) biosynthesis or participate in its degradation, such 

as the natural antimicrobial lysozyme, typically result in lysis and subsequent cell death. Thus, the 

identification of factors involved in cell wall biosynthesis are a great tool for the development of 

novel drugs (Kotnik et al. 2007; Barreteau et al. 2008). Core proteins involved in cell wall 

biosynthesis and maturation are listed in Table 2.1      

 Generally, the cell wall is composed of an intricate, multi-layered mesh of cross-linked PG, 

which is comprised of alternating N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid 

(MurNAc) polymers linked by 1,4-β-glycosidic bonds. The first committed step of PG biosynthesis 

is often designated as the formation of UDP-MurNAc from UDP-GlcNAc, which takes place in the 

cytoplasm. The synthesis of UDP-GlcNAc from D-fructose-6-phosphate is generally achieved by 

four consecutive enzymatic reactions catalysed by GlmS, GlmM, and the bifunctional enzyme 

GlmU (Figure 2.1) (Kotnik et al. 2007; Barreteau et al. 2008). GlmS is a glucosamine-6-phosphate 

synthase, which catalyses the conversion of D-fructose-6-phosphate into D-glucosamine-6-

phosphate (Badet et al. 1988; Golinelli-Pimpaneau et al. 1989). In a second step, the 
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phosphoglucosamine mutase GlmM converts glucosamine-6-phosphate to glucosamine-1-

phosphate (Mengin-Lecreulx and van Heijenoort 1996; Jolly et al. 1999). The final two reactions 

are catalysed by the bifunctional enzyme GlmU and proposed to be the rate limiting steps of the 

GlmSMU pathway (Sun et al. 2021b; Pensinger et al. 2023). GlmU is responsible for the transfer 

of acetyl resulting in the formation of GlcNAc-1-P from glucosamine-1-P and the subsequent 

transfer of uridyl, yielding UDP-GlcNAc (Gehring et al. 1996; Mengin-Lecreulx and van Heijenoort 

1994). Moreover, GlmR (YvcK) has been shown to play an essential role in the production of UDP-

GlcNAc in several organisms, including L. monocytogenes and Bacillus subtilis (Patel et al. 2018; 

Pensinger et al. 2023). Recently its accessory uridyltransferase activity has been described in 

L. monocytogenes, where GlmR in addition to GlmU catalyses the reaction from GlcNAc-1P and 

UTP to UDP-GlcNAc (Pensinger et al. 2023). The data also suggest that the uridyltransferase 

activity of GlmR is not specific for L. monocytogenes but conserved in other species such as 

Staphylococcus aureus and Mycobacterium tuberculosis. Moreover, GlmR of B. subtilis was shown 

to bind to GlmS in bacterial two-hybrid assays and was suggested to act as an activator in absence 

or low levels of GlcNAc. An additional study suggested binding of UDP-GlcNAc to GlmR in 

dependency of an increased UDP-GlcNAc pool, thereby controlling further UDP-GlcNAc synthesis 

(Patel et al. 2018; Patel et al. 2023). However, the allosteric regulation of GlmS by GlmR that was 

proposed in B. subtilis could not be reproduced for GlmR of L. monocytogenes, indicating that the 

regulatory mechanism is not a conserved (Foulquier et al. 2020; Pensinger et al. 2023). The natural 

antimicrobial trans-cinnamaldehyde (t-Cin) was suggested to interfere with substrate availability 

of the GlmSMUR pathway, thereby inhibiting UDP-GlcNAc synthesis (Sun et al. 2021b).  
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Figure 2.1 | Simplified representation of the biosynthesis of UDP-GlcNAc, peptidoglycan and wall teichoic 
acids. UDP-GlcNAc is a crucial precursor essential for the biosynthesis of peptidoglycan (PG) and wall 
teichoic acids (WTA). Synthesis is achieved in consecutive steps catalysed by GlmS, GlmM, GlmU and GlmR, 
using fructose-6-phosphate as a substrate. The first committed step of PG biosynthesis is catalysed by MurA 
and MurB, which convert UDP-GlcNAc to UDP-MurNAc. Degradation of MurA by the ClpCP protease is 
sophisticatedly regulated (turquois window). ClpCP activity is stimulated by ReoY, MurZ (unknown 
mechanism) and dephosphorylated ReoM. The serine/threonine protein phosphatase PrpC indirectly 
stimulates ClpCP activity by dephosphorylating ReoM, while the serine/threonine protein kinase PrkA acts 
as an antagonist, by phosphorylating ReoM (Wamp et al. 2022). PrkA was proposed to respond to PG-
derived signals and interact with divisome-associated proteins including DivIVA and GpsB in B. subtilis 
(Pensinger et al. 2016). UDP-MurNAc is subsequently converted into lipid II, through the action of 
MurCDEFG, Alr, Ddl and MraY. It is then flipped across the membrane by MurJ and incorporated and cross-
linked into the growing glycan strand catalysed by glycosyltransferases (GTases) and transpeptidases 
(TPases), respectively (Pazos and Peters 2019). Apart from MurA, UDP-GlcNAc can also be used by TarO, the 
initial enzyme of the WTA biosynthesis pathway. Several enzymes are involved in the generation of the WTA 
polymer, which is subsequently flipped across the membrane by TarGH (Brown et al. 2013). Antibiotics are 
depicted in boxes (adapted from (Schulz et al. 2022). 
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In the next step of PG biosynthesis, MurA (MurAA) and MurB convert UDP-GlcNAc to 

UDP-N-acetylmuramic acid (UDP-MurNAc) via a rather unique transfer of an enolpyruvyl from 

phosphoenolpyruvate to the 3’-hydroxyl group of UDP-GlcNAc. This reaction is, besides MurA, 

only carried out by one other enzyme called AroA, which is involved in the shikimic acid pathway 

(Barreteau et al. 2008; Walsh et al. 1996; Byczynski et al. 2003). The Cys-115 residue in the active 

site of MurA plays an essential role in substrate release. The antibiotic fosfomycin was shown to 

specifically bind to the Cys-115 residue, consequently inhibiting MurA activity and PG biosynthesis 

(Marquardt et al. 1994; Eschenburg et al. 2005; Eschenburg et al. 2004).    

 Tight regulation of the UDP-GlcNAc pool is crucial, since it is an essential precursor shared 

between the synthesis of lipid II and synthesis of WTA (Harrington and Baddiley 1985). By 

consuming UDP-GlcNAc for production of lipid II, MurA also sequesters the UDP-GlcNAc pool for 

WTA biosynthesis. Indeed, its regulation is a multifaceted process, including a variety of different 

enzymes, whose complex relationships have only recently been discovered. The ClpCP protease 

plays a central role in MurA degradation in L. monocytogenes and B. subtilis (Figure 2.1) (Kock et 

al. 2004; Birk et al. 2021). More generally, it was shown to recognize and degrade 

phosphoarginylated proteins in B. subtilis, S. aureus and Mycolicibacterium smegmatis (Trentini 

et al. 2016; Schmidt et al. 2014; Junker et al. 2018; Ogbonna et al. 2022). ClpCP in turn is regulated 

by several enzymes in L. monocytogenes, including ReoY, MurZ (MurA in B. subtilis) and ReoM 

(Wamp et al. 2020; Wamp et al. 2022). While the clear involvement of ReoY and MurZ in ClpCP-

dependent proteolysis of MurA is still not fully understood, a clearer picture was recently drawn 

for ReoM. Dephosphorylated ReoM was shown to indirectly (proposedly via ReoY) activate ClpCP, 

thereby decreasing the amount of MurA in the cytoplasm (Wamp et al. 2022). Similar to ClpCP, 

activity of ReoM is sophisticatedly controlled by phosphorylation of the Thr-7 residue catalysed 

by the PASTA (penicillin-binding protein and serine/threonine-associated) kinase PrkA 

(deactivation) on the one hand and dephosphorylation by the phosphatase PrpC (activation) on 

the other hand (Wamp et al. 2020; Kelliher et al. 2021). Consequently, the MurA pool is decreased 

by PrpC but increased by PrkA. Several studies of PrkA homologs revealed the dependency of PG 

synthesis and ClpCP-dependent MurA proteolysis, as cell wall components such as muropeptides 

or lipid II have been shown to activate PrkA homologs in several organisms, including 

M. tuberculosis, B. subtilis and S. aureus (Mir et al. 2011; Shah et al. 2008; Hardt et al. 2017). In 

addition, PrkA was also shown to phosphorylate GlmR in L. monocytogenes and its B. subtilis 

homologue PrkC was shown to interact with divisome associated proteins such as GpsB and DivIVA 

(Pensinger et al. 2016). All of these regulatory steps substantiate the importance of proper control 

of MurA levels and activity. 
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In the next cytoplasmic step, a growing pentapeptide chain is added to UDP-MurNAc by members 

of the Mur ligase family (MurC-MurF) (Kotnik et al. 2007; Blumberg and Strominger 1974; van 

Heijenoort 2001; Scheffers and Pinho 2005). The pentapeptide usually consists of L-alanine and D-

glutamic acid, a L-lysin at the third position that is often object to modifications, as well as the 

dipeptide D-Ala-D-Ala (Ghuysen 1968; Scheffers and Pinho 2005). L. monocytogenes has a 

mesodiaminopimelic acid (meso-DAP) at the third position, which is more characteristic, but not 

unique, for gram-negative bacteria. In contrast, gram-positive bacteria, typically instead contain 

L-Lys at the third position (Navarre and Schneewind 1999). The conversion from L-Glu and L-Ala to 

D-Glu and D-Ala is carried out by the two racemases RacE (MurI) and Alr, respectively. The 

D-alanine ligase (Ddl) then connects two D-alanine via ATP-dependent peptide bond formation, 

resulting in the D-Ala-D-Ala dipeptide, which is incorporated into the UDP-MurNAc-pentapeptide 

(Duncan et al. 1990; Barreteau et al. 2008; Kotnik et al. 2007). The antibiotic D-cycloserine is a 

cyclic analogue of D-alanine and hence targets both Alr and Ddl, consequently sequestering the 

D-Ala pool and inhibiting cell wall biosynthesis (Neuhaus and Lynch 1964; Prosser and Carvalho 

2013; Lambert and Neuhaus 1972). The UDP-MurNAc-pentapeptide is finally fused to the 

membrane bound lipid carrier undecaprenyl phosphate (Und-P) by MraY to yield lipid I (Lovering 

et al. 2012). Und-P is one of the compounds shared between PG and WTA biosynthesis as it not 

only used by MraY for lipid I synthesis but also serves as a substrate for TarO (TagO), the first 

enzyme of WTA synthesis (Zhao et al. 2016; Brown et al. 2013). This again, is an example for the 

dependency of the two tightly connected synthesis pathways. Only about 40% of Und-P is 

synthesized de novo in gram-positive bacteria. In B. subtilis undecaprenyl pyrophosphate (UPP) is 

synthesised by UppS and subsequently dephosphorylated yielding Und-P, which then carries out 

its lipid carrier function. After the final glycan transfer, about 60% of the released UPP is recycled 

via dephosphorylation and can re-enter the cycle of PG or WTA synthesis (Figure 2.1) (Kotnik et 

al. 2007; El Ghachi et al. 2005; Zhao et al. 2016). Dephosphorylation of the Und-P precursor UPP 

can be inhibited by the polypeptide antibiotic bacitracin, thereby blocking both de novo synthesis 

and recycling (Stone and Strominger 1971). Finally, in the last step, UDP-GlcNAc is fused to lipid I 

at the membrane by MurG, yielding lipid II, which is then translocated across the membrane by 

flippases (Bouhss et al. 2008; van Heijenoort 2007).       

 There are several proteins that were proposed to translocate lipid II across the membrane, 

namely MurJ, FtsW, and Amj. MurJ was shown to be essential for translocation of lipid II in vivo in 

Escherichia coli (Sham et al. 2014) and was therefore suggested to be the sole flippase in the gram-

negative organisms (Ruiz 2008). However, a contradicting study showed that overexpression of 

the cell division protein FtsW in membrane vesicles also exhibited increased lipid II translocation, 
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while depletion resulted in decreased, but not abolished translocation in vitro (Mohammadi et al. 

2011; Mohammadi et al. 2014). It was suggested but not reported that FtsW is important for 

translocation of lipid II during cell division, while its paralog RodA carries out the same function 

during elongation. These findings could, however, not be supported in vivo. In contrast to E. coli, 

B. subtilis possesses, in addition to MurJ, the flippase Amj, which is overexpressed in the absence 

of MurJ and both flippases were shown to be synthetically lethal (Meeske et al. 2015). While MurJ 

and AmJ seem to be exclusively flippases, FtsW and RodA have essential functions in division and 

elongation, respectively, apart from the putative flippase function, further supporting the idea of 

MurJ being the main flippase (Sham et al. 2014; Rubino et al. 2018; Ruiz 2016; Taguchi et al. 2019). 

The two murJ homologs lmo1624 and lmo1624 are similarly synthetically lethal in 

L. monocytogenes (Rismondo et al., unpublished data). While the growing body of evidence 

suggest that MurJ is the main flippase, and due to concerns with the experimental setup of the in 

vitro experiments, so far, the flippase activity of FtsW could not be refuted. After lipid II is flipped 

across the membrane it is polymerized and integrated into the growing glycan strand. Integration 

is facilitated by the activity of glycosyltransferases and transpeptidases that are responsible for 

polymerization, and cross-linking of the associated pentapeptides, respectively.   

 These processes are carried out by penicillin-binding proteins (PBPs), which can be 

subdivided into high molecular weight (HMW) and low molecular weight (LMW) PBPs. HMW PBPs 

can be further subdivided into class A PBPs and class B PBPs. Both classes have a transpeptidase 

domain at the C-terminal end, facilitating the cross-linking reaction. While class B PBPs solely fulfil 

transpeptidase activity, class A PBPs have an additional N-terminal glycosyltransferase domain 

and are consequently bifunctional (Höltje 1998; Sauvage et al. 2008; Goffin and Ghuysen 1998). 

The N-terminal domain of class B PBPs is often involved in binding to cell division proteins like FtsN 

or FtsW and were thus believed to be especially important in cell division. Though, they have been 

shown to play a role in both division and elongation. Similar to class B PBPs, monofunctional 

glycosyltransferases (MGTs) have been identified in several species (Park et al. 1985; Karinou et 

al. 2019; Wang et al. 2001). Members of the SEDS (shape, elongation, division and sporulation) 

family of proteins RodA and FtsW act in a similar manner and are important for elongation and 

division, respectively (Meeske et al. 2016). While PBPs are generally important players in the 

majority of bacteria, they are often represented in variable numbers, and the function of specific 

PBPs can overlap but can also be rather distinctive to single organisms. (Zapun et al. 2008; 

Blaauwen et al. 2008; Sauvage et al. 2008). Generally, PBPs carry out their peptidase activity by 

targeting the D-Ala-D-Ala bond at the end of the stem peptide which subsequently causes the 

release of the C-terminal D-ala (Sauvage et al. 2008). The antibiotic vancomycin can likewise bind 
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to the D-alanyl-D-alanine at the carboxylic end of the peptidoglycan precursor, thereby sterically 

hindering the activity of PBPs, resulting in precursor accumulation and cell death (Figure 2.1). 

Apart from its primary mechanism, it has been reported that vancomycin additionally alters 

membrane permeability (Watanakunakorn 1984). The activity of PBPs can be additionally 

inhibited by the antibiotics moenomycin, penicillin or ampicillin. While moenomycin inhibits the 

glycosyltransferase activity of class A PBPs, penicillin and ampicillin inhibit the transpeptidase 

activity, thereby preventing cross-linking (Figure 2.1) (Huber and Nesemann 1968; Yocum et al. 

1980). Moreover, the antibiotic nisin blocks the activity of PBPs by binding and encapsulating lipid 

II, which subsequently promotes pore formation in the membrane (Hsu et al. 2004; Breukink et al. 

1999). When taking a closer look at cell wall biosynthesis it becomes clear that the process is a 

highly regulated, multifaceted procedure and consequently extremely energy consuming. Hence, 

reducing the biosynthesis process, by recycling old peptidoglycan that is shed of by hydrolysis 

reduces the energy cost of the cell considerably. Indeed, PG turnover was detected in several 

organisms, including Bacillus, Lactobacillus, Listeria, Staphylococcus, and Escherichia strains 

(Johnson et al. 2013; Borisova et al. 2016) and communication between hydrolysis of old 

peptidoglycan from the outer layer and incorporation of newly synthesised PG needs to be tightly 

controlled to avoid cell wall attenuation and lysis (Sugai et al. 1997; Rohde 2019).  

Table 2.2 | Proteins involved in cell wall biosynthesis and maturation.  

Protein Annotation Function Reference  

Cell wall biosynthesis and maturation – peptidoglycan biosynthesis 

GlmS Glucosomaine-6-
phosphate 
mutase 

Important for the biosynthesis of 
UDP-GlcNAc 
Catalyses the conversion of D-
fructose-6-P to D-glucosamine-6-
P 

(Badet et al. 
1988; Golinelli-
Pimpaneau et al. 
1989) 

GlmM Phosphoglucosam
ine mutase 

Important for the biosynthesis of 
UDP-GlcNAc. 
Converts glucosamine-6-P to 
glucosamine-1-P 

(Mengin-Lecreulx 
and van 
Heijenoort 1996; 
Jolly et al. 1999) 

GlmU 1-phosphate 
uridyltransferase 

Important for the biosynthesis of 
UDP-GlcNAc. 
Converts glucosamine-1-P to 
GlcNAc-1-P and subsequently to 
UDP-GlcNAc via an uridyl transfer 

(Sun et al. 2021b; 
Pensinger et al. 
2021) 

GlmR Putative 
uridyltransferase 

Catalyses the reaction from 
GlcNAc-1-P to UDP-GlcNAc via an 
uridyl transfer in 
L. monocytogenes 

(Pensinger et al. 
2021; Patel et al. 
2023; Patel et al. 
2018) 
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GlmR of B. subtilis was shown to 
bind and activate GlmS in 
absence of UDP-GlcNAc 

MurA UDP-N-
acetylglucosamine 
1-carboxyvinyltra
nsferase 

Catalyses together with MurB 
the conversion from UDP-GlcNAc 
to UDP-MurNAc 

(Barreteau et al. 
2008) 

MurB UDP-N-
acetylenolpyruvoy
lglucosamine 
reductase 

Catalysis together with MurA the 
conversion from UDP-GlcNAc to 
UDP-MurNAc 

(Barreteau et al. 
2008) 

MurC UDP-N-
acetylmuramoyl-
L-alanine synthase 

Catalysis together with MurDEF 
the addition of the pentapeptide 
chain to UDP-MurNAc 

(Liger et al. 1995) 

MurD UDP-N-
acetylmuramoyl-
L-alanyl-D-
glutamate 
synthetase 

Catalysis together with MurCEF 
the addition of the pentapeptide 
chain to UDP-MurNAc 

(Auger et al. 
1998) 

MurE UDP-
N-acetylmuramoyl
-L-analyl-D-
glutamyl-meso-
2,6-
diaminopimelate 
synthetase 

Catalysis together with MurCDF 
the addition of the pentapeptide 
chain to UDP-MurNAc 

(Ito and 
Strominger 1973) 

MurF UDP-N-
acetylmuramoyl-
L-analyl-D-
glutamyl-meso-
2,6-
diaminopimeloyl-
D-anayl-D-alanine 
synthetase 

Catalysis together with MurCDE 
the addition of the pentapeptide 
chain to UDP-MurNAc 

(Duncan et al. 
1990) 

MurG UDP-
N-acetylglucosami
ne-
N-acetylmuramyl-
(pentapeptide) 
pyrophosphoryl-
undecaprenol N-
acetylglucosamine 
transferase 

Catalyses the addition of UDP-
GlcNAc to lipid I, producing 
lipid II 

(van Heijenoort 
2007) 

MraY Phosphor-N-
acetylmuramoyl-
pentapeptide-
tramsferase 

Catalyses the fusion of 
membrane bound undecaprenyl 
phosphate to UDP-MurNAc-
pentapeptide  

(Bouhss et al. 
2004) 

Alr Alanine racemase Catalyses the conversion of L-
alanine to D-alanine 

(Walsh 1989) 
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Ddl D-alanine-D-
alanine ligase 

Connects the two D-alanine to 
form the D-ala-D-ala dipeptide 
which is incorporated into the 
UDP-MurNAc-pentapeptide 

(Pederick et al. 
2020) 

PBPA1 Bi-functional 
penicillin binding 
protein A1 

Catalyses the polymerization of 
the glycan chain as well as 
peptide cross-linking via its 
transglucosylase and 
transpeptidase domain, 
respectively 

(Guinane et al. 
2006) 

ClpCP ATP-dependent 
Clp protease 

Recognizes and degrades 
phosphoarginylated proteins 
including MurA (shown in 
B. subtilis 

(Kock et al. 2004) 

ReoY Effector protein of 
MurA 

Involved in ClpCP-dependent 
proteolysis of MurA. 

(Wamp et al. 
2022) 

MurZ Not annotated Involved in ClpCP-dependent 
proteolysis of MurA 

(Wamp et al. 
2022) 

ReoM Effector protein of 
MurA 

Dephosphorylated ReoM 
indirectly activates ClpCP-
dependent degradation of MurA 

(Wamp et al. 
2022) 

PrpC phosphatase Dephosphorylates ReoM, 
resulting in ClpCP-dependent 
proteolysis of MurA 

(Wamp et al. 
2020; Kelliher et 
al. 2021) 

PrkA  

PrkC in 
B. subtilis 

PASTA kinase Involved in phosphorylation of 
ReoM in L. monocytogenes as 
well as phosphorylation of WalR, 
RodZ and GlmR in B. subtilis 

(Wamp et al. 
2022; Libby et al. 
2015) 

Amj Potential lipid II 
flippase 

Translocation of lipid II across the 
membrane. 

(Meeske et al. 
2015) 

MurJ Potential lipid II 
flippase 

Translocation of lipid II across the 
membrane. 
Localizes to the division site 

(Meeske et al. 
2015; Sham et al. 
2014) 

Cell wall biosynthesis and remodelling – lysozyme sensitivity 

PgdA N-deacetylase Prevents binding of lysozyme by 
removing the acetyl group at the 
C2 position of GlcNAc 

(Boneca et al. 
2007) 

OatA O-
acetyltransferase 

Prevents binding (Aubry et al. 
2011) of lysozyme by adding an 
acetyl group to the C6-hydroxyl 
residue of ManNAc 
Potential role of OatA 
homologues in cell division 

(Bernard et al. 
2012; Aubry et al. 
2011) 

Cell wall biosynthesis and remodelling – cell wall hydrolysis 

FtsE-FtsX ATP-binding 
cassette 
transporter.  

Required for CwlO hydrolase 
activity in B. subtilis. 
Involved in divisome assembly in 
E. coli.  

(Arends et al. 
2009; Du et al. 
2016; Meisner et 
al. 2013) 
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CwlO D,L-
endopeptidase 

Cleave between D-glutamate and 
meso-DAP of the peptidoglycan 
pentapeptide in B. subtilis 

(Yamaguchi et al. 
2004) 
 

Cell wall biosynthesis and remodelling – wall teichoic acid biosynthesis 

TarO Undecaprenyl-
phosphate-
GlcNAc-1-
phosphate 
transferase 

Catalyses the transfer of N-
acetylglucosamine-1-P from 
UDP-GlcNAc to undecaprenyl-P 
to initiate formation of the linker 
units of WTA 

(Soldo et al. 2002) 

TarL Teichoic acid 
ribitol-phosphate 
polymerase 

Catalyses ribitol phosphate 
polymerizationof the WTA 
backbone. 

(Meredith et al. 
2008) 

 

2.4 Peptidoglycan modification and lysozyme resistance  

L. monocytogenes, like many other pathogens, modifies its PG as a maturation process, to protect 

themselves from hydrolases such as the natural antimicrobial lysozyme or self-hydrolysis 

(Alexander Fleming 1922). Lysozyme is part of the humane innate immune system and universally 

found in the body. It targets the 1,4-β-glycosidic bond between MurNAc and GlcNAc, hence 

disrupting the cell wall of gram-positive bacteria causing lysis of the cell (Callewaert and Michiels 

2010). In addition, its cationic attribute allows insertion and pore formation into negatively 

charged bacterial membranes (Figure 2.2 A). There are two proteins that are mainly responsible 

for cell wall modifications in L. monocytogenes, namely PgdA and OatA (Figure 2.2 B) (Popowska 

et al. 2009). The N-deacetylase PgdA prevents binding of lysozyme by removing the acetyl group 

at the C2 position of around 50% of all GlcNAc (Boneca et al. 2007). The O-acetyltransferase A 

OatA adds an acetyl group to the C6-hydroxyl MurNAc residue, thereby sterically hindering 

lysozyme binding (Aubry et al. 2011; Ragland and Criss 2017; Rae et al. 2011). O-acetylation occurs 

at roughly 23% of all MurNAc (Aubry et al. 2011). 
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Figure 2.2 | Dual function of lysozyme and associated resistance mechanisms of L. monocytogenes. A 
Lysozyme cleaves the 1,4-β-glycosidic bond between MurNAc and GlcNAc (PDB ID 1GXV). As a cation it can 
additionally alter the permeability of the negatively charged bacterial membrane leading to formation of 
pores and subsequent cell lysis. B L. monocytogenes is intrinsically resistant towards lysozyme due to PG 
modification. PgdA deacetylates GlcNAc at the C-2 position, while OatA is responsible for O-acetylation at 
the C-6 position of MurNAc (pink modification), hindering lysozyme binding (adapted from (Gálvez-Iriqui et 
al. 2020)).  

Incorporation of newly synthesised PG and subsequent maturation needs to be tightly regulated. 

Indeed, O-acetylation has been shown to be in close temporal relationship with the cross-linking 

process (Snowden et al. 1989) and likewise, a decrease in acetylation after application of penicillin 

has been reported for several organisms, indicating a close relationship between activity of PBPs 

and the O-acetylation process (Dougherty 1983; Dougherty 1985; Sychantha et al. 2018; Sidow et 

al. 1990; Martin and Gmeiner 1979; Bonnet et al. 2017). Similarly, bacterial two hybrid assays 

revealed an interaction between PgdA and PBP A1 in L. monocytogenes (Rismondo et al. 2018) 

and PBP A1 was proposed to recruit PgdA following polymerization and insertion of lipid II. 

Accordingly, a strain lacking both pgdA and pbpA1, or oatA and pbpA1 were synthetically lethal 

(Rismondo et al. 2018). Independent from its O-acetylation function, homologs of OatA have been 

brought in association with cell division in several organisms. For instance, the Pat 
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O-acetyltransferases of Bacillus anthracis are necessary for daughter cell separation (Laaberki et 

al. 2011). OatA from Lactobacillus plantarum localizes at mid-cell right before membrane 

invaginations and an oatA mutant shows a defect in cell elongation. The authors hypothesised 

participation of OatA in the activity or positioning of the divisome (Bernard et al. 2012). Similarly, 

the O-acetyltransferase Adr from Streptococcus pneumoniae localizes to the division site before 

PG synthesis occurs. Furthermore, adr mutants exhibited septation defects, as well as atypical 

localization of the cell division protein FtsZ (Bonnet et al. 2017). All of these studies indicate a dual 

role of OatA in O-acetylation on the one site and cell division on the other site. Up to date a 

potential secondary role of OatA in cell division has not been investigated in L. monocytogenes. 

Apart from OatA and PgdA, several additional factors have been linked to lysozyme resistance in 

L. monocytogenes including the carboxypeptidase PbpX, the orphan response regulator DegU and 

the non-coding RNA Rli31 (Burke et al. 2014). A recent study revealed that a meso-diaminopimelic 

deficient strain also experiences increased susceptibility towards lysozyme, linking AsnB, the 

amidase that catalyses amidation of mesoDap to lysozyme resistance (Sun et al. 2021a). In 

addition, the putative ABC transporter encoded in the lmo2769-6 operon was previously linked to 

lysozyme sensitivity in a transposon screen (Burke et al. 2014; Durack et al. 2015; Toledo-Arana et 

al. 2009). Characterization of factors involved in lysozyme resistance, peptidoglycan biosynthesis 

or PG integration into the growing cell wall might shed light onto the missing link between these 

three highly complex processes.  

2.5 Cell wall hydrolases 

Cellular growth due to incorporation of newly synthesised PG and specifically elongation can only 

move forward by the activity of hydrolases, which cleave the already existing PG so that newly 

synthesized lipid II can be incorporated into the growing cell wall. In addition, opening of the cell 

wall also allows the incorporation and assembly of macromolecular structures such as flagella, as 

well as shedding of cell wall components that serve as signal molecules or pathogen associated 

molecular patterns to the immune system (Scheurwater et al. 2008). Different kinds of hydrolases 

exist that are involved in the various steps of cell wall biosynthesis, including amidases, which 

hydrolyse the amide bond between L-alanine and MurNAc, glycosidases, which cleave the 

glycosidic bond within the glycan strand or peptidases, which hydrolyse the amide bonds between 

the amino acids (Lee and Huang 2013; Vollmer et al. 2008; Karamanos 1997; Höltje 1996; 

Vermassen et al. 2019). Cell wall peptidases can be subdivided into endopeptidases, which 

exclusively cleave within the PG pentapeptide and carboxypeptidases that are specific to the 

C-terminal amino acids. (Höltje 1996; Vermassen et al. 2019). B. subtilis contains the two 
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D,L-endopeptidases CwlO and LytE. As the name implies, they specifically cleave between the 

L-and D-amino acids of the PG pentapeptide and have been shown to be essential for elongation 

(Smith et al. 2000). Similarly, L. monocytogenes contains the D,L-endopeptidases CwlO, as well as 

the uncharacterized LytM-domain containing protein Lmo2504, which might be the counterpart 

to LytE of B. subtilis. Both endopeptidases are still uncharacterised in Listeria. CwlO in B. subtilis 

has been shown to specifically cleave the bond between γ-d-glutamate and meso-DAP (Yamaguchi 

et al. 2004). Deletion of both hydrolases leads to a halt in cell elongation and subsequent cell 

death (Hashimoto et al. 2012). Indeed, studies have shown colocalization of LytE and the MreB 

isoform MreBH implying a direct connection between elongation and hydrolysis. This is supported 

by the fact that both lytE and mreBH mutants experience similar phenotypes (Carballido-López et 

al. 2006). However, a more recent study showed that LytE and CwlO do not impact movement of 

the elongation machinery (Meisner et al. 2013). The process of cell elongation is discussed in more 

detail in Chapter 2.6. While there is not a lot known about the regulation of LytE, recent studies 

showed transcriptional regulation of CwlO and LytE by the two component signalling system 

WalRK and functional regulation of CwlO by the ABC transporter FtsEX (Figure 1.3) (Meisner et al. 

2013; Dobihal et al. 2022). Here, FtsEX does not seem to have a function in translocation of 

substrates across the membrane but is solely important for activity and localization of CwlO and 

both the transmembrane protein FtsX, as well as the ATP hydrolysis activity of FtsE are essential 

for CwlO activity. Similar to a lytE cwlO double mutant, the lytE ftsEX double mutant is synthetical 

lethal (Meisner et al. 2013), indicating the essentiality of FtsEX for CwlO activity. Deletion of either 

cwlO or ftsEX leads to a distinct phenotype, where the cells are shorter, wider and partially curved 

and twisted (Meisner et al. 2013; Domínguez-Cuevas et al. 2013). In B. subtilis, proper FtsEX-

dependent regulation of CwlO is only given in the presence of the co-factors SweC and SweD 

(Figure 1.3 B) (Brunet et al. 2019). There are several indications that the SweCD-FtsEX-CwlO 

complex is associated with the cell wall elongation machinery, proposedly via interaction with the 

actin-like protein Mbl and the bacterial actin homologue MreB (Kawai et al. 2011; Domínguez-

Cuevas et al. 2013). However, the nature of the precise relationship remains elusive. Interestingly, 

FtsEX of E. coli has been shown to interact with FtsZ and FtsA, as well as activate the cell wall 

hydrolase EnvC and hence is important for divisome assembly and cleavage of the septal cell wall 

(Du et al. 2016; Schmidt et al. 2004; Brunet et al. 2019; Yang et al. 2011), supporting the idea that 

FtsEX plays a somewhat similar role in B. subtilis or generally in gram-positive bacteria. 

Posttranscriptional regulation of hydrolases via for instance interaction of FtsEX and CwlO allows 

a way faster response to aberrant hydrolase activity than pure transcriptional regulation. 

Interestingly, the broadly conserved WalR-WalK system has a dual-regulatory role including both 
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transcriptional regulation of lytE and cwlO, as well as post-transcriptional regulation, allowing an 

accurate and rapid response (Dobihal et al. 2022; Bisicchia et al. 2007). WalRK reacts to dynamic 

hydrolase activity proposedly by sensing of cleavage products via the PAS-domain of the sensor 

histidine kinase WalK, which transphosphorylases WalR, leading to dimerization and allowing DNA 

binding (Dobihal et al. 2019; Takada et al. 2018). Hence, WalRK increased or decreases 

transcription of lytE and cwlO in respect to low and high endopeptidase activity, respectively 

(Dobihal et al. 2019). WalRK additionally increases the activity of LytE by controlling the expression 

of its inhibitor IseA (Takada et al. 2018; Yamamoto et al. 2008a), thereby allowing a more rapid 

response to cell wall associated changes. Interestingly, deacetylation of MurNAc by PdaC, the 

B. subtilis homologue of PgdA, reduced CwlO- and LytE-dependent cleavage, when PG hydrolase 

activity is too high (Dobihal et al. 2022; Takada et al. 2018) and expression of pdaC is repressed by 

WalRK (Figure 2.3). Consequently, high hydrolase activity leads to a reduction of WalRK-

dependent pdaC repression and consequently to increased deacetylation, which subsequently 

decreases CwlO and LytE activity. Thereby, lower WalRK levels lead to decreased hydrolase activity 

directly by reduced expression of cwlO and lytE and more indirectly by increased expression of 

pdaC (Dobihal et al. 2022). Moreover, repression of pdaC was dependent on PrkC-dependent 

phosphorylation of WalR in in vitro and in vivo experiments (Libby et al. 2015). PrkC is the 

homologue of PrkA in L. monocytogenes, which has been shown to be involved in ClpCP 

dependent degradation of MurA and thus regulation of PG biosynthesis (Figure 2.1). PrkA 

responds to PG-derived signals, like lipid II, which may present an additional level of regulation of 

the WalR regulon (Dubrac et al. 2008; Wamp et al. 2020) (Chapter 2.3). In addition to sensing of 

extracellular cleavage products via the PAS-domain of WalK, it was proposed that the intracellular 

PAS domain of WalK might sense cytoplasmic intermediates of PG biosynthesis, which would allow 

a regulatory response towards changes that occur during cytoplasmic peptidoglycan synthesis 

(Dubrac et al. 2008). Apart from the regulation of cwlO and pdaC, WalR additionally positively 

regulates the transcription of mreBH, drawing a regulatory connection between hydrolase activity, 

cell wall modification and elongation (Huang et al. 2013). Altogether, activity of cell wall 

hydrolases needs to be tightly regulated and in coherence with general cell wall biosynthesis to 

avoid diminishing of the integrity of the cell.  
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Figure 2.3 | Regulation of the cell wall hydrolase CwlO in B. subtilis. A The WalRK two-component system 
stimulates transcription of the cell wall hydrolases cwlO and lytE and is involved in the regulation of several 
additional cell wall associated factors, including mreBH and pdaC (pgdA in L. monocytogenes). WalR activity 
can be stimulated by phosphorylation of either WalK or PrkC (PrkA in L. monocytogenes). PrkC dependent 
phosphorylation can in turn be inhibited by PdaC. The extracellular domain of PrkC can interact with PG-
derived signals, which stimulate its kinase activity. In contrast, during exponential growth PrkC localizes to 
the septum in a GpsB-dependent manner. B On protein level, the D-L-endopeptidase activity of CwlO is 
activated by the ABC transporter FtsEX. ATP hydrolysis dependent conformational changes of FtsX facilitates 
direct interaction with the cell wall hydrolase. The cofactors SweC and SweD are essential for FtsEX 
dependent regulation (adapted from (Libby et al. 2015; Brunet et al. 2019; Rismondo and Schulz 2021).  
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2.6 Wall teichoic acid biosynthesis 

The peptidoglycan meshwork provides a scaffold for the integration of teichoic acids, including 

membrane bound lipoteichoic acids (LTAs) and wall teichoic acids (WTAs) that are covalently 

linked to peptidoglycan. This entails that LTA are generally buried within the peptidoglycan mesh, 

in contrast, WTA expand well beyond the PG layer (Reichmann and Gründling 2011; Matias and 

Beveridge 2007; Matias and Beveridge 2006). While the general structure of LTA are rather 

conserved, the structure of WTA varies even within different L. monocytogenes strains due to their 

diverse decorations (Sumrall et al. 2020; Percy et al. 2016; Shen et al. 2017). Generally, WTA 

consists of a disaccharide linkage unit and a polymer chain composed of either repeated 

glycerol-3-phosphate (GroP) units or 1,5-D-ribitol-phosphate (RboP) units (Neuhaus and Baddiley 

2003). The 20-40 repeating units are linked to the PG by a linkage unit, which in case of Listeria 

consists of a glycosidic Glcucose (Glc)-Glc-GroP-ManNAc-GlcNAc linkage (Figure 2.4) (Uchikawa et 

al. 1986). GroP units, or in case of L. monocytogenes and S. aureus repeated RboP units, are linked 

to the highly conserved ManNAc (β1-4)GlcNAc 1-phosphate disaccharide linkage at the C4 oxygen 

of ManNAc (Neuhaus and Baddiley 2003; Kojima et al. 1985; Araki and Ito 1989; Vinogradov et al. 

2006). The linker unit is connected to PG via a phosphodiester bond at the C6 hydroxyl group of 

MurNAc (Ward 1981; Brown et al. 2013). In L. monocytogenes the O-acetyltransferase OatA 

O-acetylates the C6 position of MurNAc to increase sensitivity towards lysozyme (Chapter 2.4). 

Hence, OatA and WTAs compete for the same position of the MurNAc residue in the peptidoglycan 

backbone. The hydroxyl of the RboP can be decorated at position 2 with D-alanine esters, or at 

position 4 with mono- or oligosaccharides, including glucose and GlcNAc (Neuhaus and Baddiley 

2003; Vinogradov et al. 2006). In addition, type II WTAs of different L. monocytogenes serotypes 

can have further decoration attached at the GlcNAc, including glucose, galactose or O-acetyl 

groups (Sumrall et al. 2020; Shen et al. 2017). While attachment of sugar substituents is relatively 

permanent, D-alanylation can fluctuate in responds to environmental factors such as pH, salt or 

temperature (Neuhaus and Baddiley 2003; Jenni and Berger-Bächi 1998; Collins et al. 2002). The 

phosphate rich backbone of WTA contributes to a strong negative charge and subsequently to 

high hydrophilicity of the cell surface (Biswas et al. 2012). Accordingly, incorporation of WTA is 

especially essential for the adaptation to harsh environments (Brauge et al. 2018). In 

L. monocytogenes synthesis of WTA is poorly investigated, due to the essentiality of the genes 

involved and due to the fact that the handling is biochemically demanding (Brown et al. 2013). 

However, the initial steps in biosynthesis are believed to be conserved and similar to the ones 

studied in B. subtilis and S. aureus (Brown et al. 2010). Enzymes involved in the WTA biosynthesis 

process are named according to the glycerol (teichoic acid glycerol) or ribitol (teichoic acid ribitol) 



Chapter 2 | Introduction 

 
|22 

 

WTA backbone and are accordingly annotated as Tag or Tar enzymes in B. subtilis and S. aureus, 

respectively (Boylan et al. 1972). After TagO initially utilizes UDP-GlcNAc, TagABDF elongate the 

WTA polymer within the cytoplasm using undecaprenyl phosphate, which is like UDP-GlcNAc 

shuffled between WTA synthesis and PG synthesis. While TagF adds 45-60 glycerol phosphate 

units to the product of TagABD, TarF only adds a single ribitol-phosphate unit and the additional 

enzyme TarL adds more than 40 units in the following reaction (Brown et al. 2008; Meredith et al. 

2008; Pereira et al. 2008).         

 In L. monocytogenes synthesis is similarly initiated by two TarO-like enzymes that utilize 

UDP-GlcNAc and only depletion of both inhibits WTA synthesis (Eugster and Loessner 2011). The 

essentiality of the later enzymes in WTA biosynthesis is proposed to arise from accumulation of 

toxic intermediates and due to exhaustion of undecaprenol phosphate levels that are as previously 

mentioned shared with PG synthesis (Brown et al. 2013; D'Elia et al. 2006). WTA synthesis can be 

inhibited by low concentrations of the natural antibiotic tunicamycin, which inhibits TarO activity 

(Figure 2.1) (Pooley and Karamata 2000; Campbell et al. 2011; Hancock et al. 1976). Interestingly, 

it can also block MraY at higher concentrations, the enzyme involved in fusing Und-P and 

UDP-MurNAc yielding lipid I during PG biosynthesis (Price and Tsvetanova 2007). Finally, the ABC 

(ATP-binding cassette) transporter TarGH translocates the WTA chain across the membrane 

(Lazarevic and Karamata 1995). During WTA maturation alanine is added to the second position 

of ribitol by enzymes encoded by the dlt operon (Kovács et al. 2006; May et al. 2005; Perego et al. 

1995). The positive charge of the alanine can mask the negative charge of the phosphate backbone 

(Figure 2.4). Increased D-alanylation can thereby reduce the binding capacity of positively charged 

compounds including cell wall hydrolases or lysozymes to WTA (Heptinstall et al. 1970; Peschel et 

al. 2000; Yamamoto et al. 2008b). In contrast, absence of D-alanylation increases the overall 

negative surface charge of the cell (Vadyvaloo et al. 2004; Peschel et al. 1999). Hence, fluctuation 

of D-alanylation allows regulation of cell wall hydrolases and consequently impacts cell wall 

elongation. Indeed, loss of WTA results in a spherical cell shape in L. monocytogenes and B. subtilis 

(Eugster and Loessner 2012; Bhavsar et al. 2001) and many enzymes that are involved in WTA 

biosynthesis and PG biosynthesis interact with each other and co-localize in B. subtilis, underlining 

the tight communication and dependency of the two pathways (Kawai et al. 2011; Formstone et 

al. 2008). WTA impact the activity and expression of autolytic enzymes on several different levels. 

They do not only facilitate binding of cationic autolysins due to their negative charge, but also 

regulate enzyme activity by locally altering the pH (Brown et al. 2013; Biswas et al. 2012; Schlag 

et al. 2010).  
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Figure 2.4 | Schematic of type I Wall teichoic acids in L. monocytogenes. Wall teichoic acids (WTA) are 
covalently linked to the C6 hydroxyl group of MurNAc in the peptidoglycan meshwork (grey) via the 
conserved linker unit consisting of a Glucose-Glucose-glycerol-phosphate-ManNAc-GlcNAc, connecting the 
20-40 ribitol-phosphate (RboP) units to the cell wall. The ribitol backbone can be glycosylated at position 
2´or 4´ and/or D-alanine can be substituted as well, masking the overall negative charge of the phosphate 
backbone (adapted from (Sumrall et al. 2020; Brown et al. 2013)).  

2.7 Cell elongation and division  

Peptidoglycan synthesis is important for both elongation of the lateral wall and division of the cell 

into two separate daughter cells. Both processes are carried out by a multifaceted complex 

containing a diverse range of proteins, called the elongasome and divisome, respectively (Figure 

2.5). The core proteins involved in division and elongation are listed in Table 2.3. For correct cell 

division, the cell does not only have to properly coordinate and organize all proteins involved in 

the assembly and function of the divisome but must also facilitate correct communication 

between the divisome, PG biosynthesis and hydrolysis. Although many proteins involved in the 

process have been identified, the complex interplay and hierarchies of the different factors and 

steps remains elusive. This is of course fortified by the fact that even though the general course 
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of action is somewhat conserved, the division process does not only differ between 

gram-negatives and gram-positives or spherical and rod-shaped bacteria, but also between 

different species belonging to the same category. However, the main player essential in almost all 

bacteria is the filamentous temperature sensitive protein FtsZ (Figure 2.5 A) (Lutkenhaus J. F.; 

Löwe and Amos 1998; Erickson and Osawa 2010). The tubulin homolog polymerizes into filaments, 

forming a ring like structure referred to as the Z-ring which marks the site of division (Erickson 

1997; Lutkenhaus and Addinall 1997). The two proteins FtsA and SepF serve as anchors for the 

FtsZ filaments to the cell membrane (Pichoff and Lutkenhaus 2005; Duman et al. 2013). FtsZ is 

important for the initiation of the division process. SepF was shown to promote the stability and 

regulation of FtsZ filaments by repressing GTPase activity. This allows for the GTP-dependent 

curvature of the filaments to result in constriction of the connected membrane which later forms 

the new poles of the two daughter cells (Bisson-Filho et al. 2017). Treadmilling of FtsZ filaments 

ensure even distribution of cell wall synthesis along the septum (Caldas et al. 2019). The early cell 

division protein ZapA stabilizes the filament network and thereby increases the precision of Z-ring 

assembly (Caldas et al. 2019). Several other Zap proteins additionally stimulate Z-ring formation 

by connecting the filament network (Rowlett and Margolin 2013; Bisson-Filho et al. 2017).  

 In gram-positive bacteria, the late cell division protein DivIVA localizes to the division site 

by sensing membrane invaginations and proposedly forms two rings that sandwich the Z-ring 

(Eswaramoorthy et al. 2011; Kaval et al. 2014). It is an important recruiter for other late cell 

division proteins including the Min system in gram-positive bacteria (MinCDE in E. coli and MinCDJ 

in L. monocytogenes and B. subtilis, which prevents inappropriate divisome re-assembly after 

division is completed (Rowlett and Margolin 2013). While interactions between MinD and MinJ 

with DivIVA have been shown in L. monocytogenes, recruitment of MinJ seems to be independent 

of DivIVA indicating that it has a similar but not identical function in B. subtilis (Kaval et al. 2014). 

In addition, DivIVA interacts with PrkC, GpsB and EzrA in bacterial two hybrid assays (Pompeo et 

al. 2018; Errington and Wu 2017; Hammond et al. 2019). Similar to DivIVA, the recruitment of the 

late cell division protein GpsB takes place after divisome assembly is achieved (Tavares et al. 

2008). It is suggested to be the direct connection between the Z-ring (divisome) and PG 

biosynthesis. Indeed, preliminary data suggest binding of GpsB to several involved proteins, 

including ZapA, SepF, EzrA, DivIB, DivIC, PBP A1, PBP A2, PBP B1, PBP B2, PBP B3, as well as MreC 

and MreBH in L. monocytogenes (Rismondo et al. 2016; Cleverley et al. 2019). In fact, it negatively 

controls the bifunctional protein PBP A1, thereby directly influencing the cross-linking of newly 

synthesised peptidoglycan building blocks (Rismondo et al. 2016; Cleverley et al. 2019; Hammond 

et al. 2019; Halbedel and Lewis 2019). Interestingly, GpsB is important for the direct regulation of 



Chapter 2 | Introduction 

 
|25 

 

FtsZ in S. aureus, which seems to be unique to this organism (Eswara et al. 2018). Similarly, EzrA 

seems to be important for the communication between division and PG synthesis, and has been 

shown to be essential for proper localization of both FtsZ and PBPs in B. subtilis and S. aureus 

(Considine et al. 2011; Claessen et al. 2008; Jorge et al. 2011; Booth and Lewis 2019). Furthermore, 

proteins DivIB, DiVIC and FtsL have been shown to be scaffolding proteins that facilitate a linkage 

between the Z-ring and PG biosynthesis. In B. subtilis MurJ is recruited by FtsL/DivIB/DivIC and is 

thought to display the signal that guides PG synthesis to the septum, subsequently allowing the 

integration of novel lipid II into the growing poles (Pinho and Errington 2005). Likewise involved 

are the biosynthetic proteins FtsW, PBP1 and PBP2B, yet, their exact role remains to be elucidated 

(Errington et al. 2003; Adams and Errington 2009; Taguchi et al. 2019). L. monocytogenes has two 

FtsW proteins (FtsW1 and FtsW2). While only FtsW1 seems to be essential, artificial 

overexpression of FtsW2 can compensate for the loss of FtsW1, indicating that they have a 

redundant function, but that FtsW1 is the main FtsW of L. monocytogenes. Deletion of ftsW1 and 

pbp B2 similarly result in the formation of elongated cells and hence seem to be crucial for proper 

cell elongation. In addition, it was proposed that FtsW2 is positively regulated by the inhibition of 

PBPs (Rismondo et al. 2019; Rismondo et al. 2015). In E. coli FtsW was suggested to control 

incorporation of newly synthesised lipid II. By binding to lipid II and PBP1B it shields them from 

the GTase activity of PBP1B and was therefore suggested to serve as a “delivery system” for lipid II 

after translocation across the membrane. (Leclercq et al. 2017).  

The central player for elongation is the actin homologue MreB, and its paralogues MreBH and Mbl 

(Figure 2.5 B). MreB forms polymers facilitating ATP hydrolysis and the circumferential rotation of 

those polymers allows integration of newly synthesised peptidoglycan into the growing rod 

(Domínguez-Escobar et al. 2011; Garner et al. 2011; Errington 2015; Kawai et al. 2009). In 

B. subtilis MreBH has also been shown to be involved in regulation of the cell wall hydrolase LytE, 

thereby controlling insertion of lipid II into the growing strain (Chapter 2.5) (Carballido-López et 

al. 2006; Patel et al. 2018). In addition to MreB, MreBH and Mbl, the elongasome of B. subtilis also 

contains MreC, MreD, RodA, RodZ, PBP1, PBP2a and PbpH in B. subtilis (Carballido-López et al. 

2006; Formstone et al. 2008). The overall motion of the elongasome is driven by the activity of 

RodA/PBP2 (Turner et al. 2018). MreC is anchored in the membrane and thought to regulate cross-

linking by stimulating conformational changes in the non-catalytic domain of the DD-TPase PBP2, 

thereby positively regulating both the transpeptidase activity of PBP2 and consequentially the 

glycosyltransferase activity of RodA (Rohs et al. 2018; Egan et al. 2020). RodA is like FtsW a 

member of the SEDS (shape, elongation, division and sporulation) family of proteins (Henriques 

et al. 1998) and is the counterpart of FtsW in elongation. Due to its glycosyltransferase activity, it 



Chapter 2 | Introduction 

 
|26 

 

is important for polymerization of the new peptidoglycan strands. In B. subtilis RodA is essential 

when the strain lacks class A PBPs but still shows weak activity when class B PBPs were deleted 

(Emami et al. 2017; Meeske et al. 2016). This is in contrast to RodA in E. coli, which solely required 

PBP2 for its glycosyltransferase activity (Rohs et al. 2018). Of the three RodA proteins of 

L. monocytogenes phenotypical changes were only observed when RodA1 was absent or in 

absence of all three enzymes, suggesting that this is the main enzyme in L. monocytogenes. 

Depleted cells are shorter, similar to the phenotype of cells lacking PBP B1, the elongation specific 

class B PBP (Rismondo et al. 2015; Rismondo et al. 2019). Recent studies also showed that the 

serine/threonine kinase PrkC indirectly increases MreB activity by phosphorylating RodZ (Figure 

2.3). Binding to peptidoglycan precursors induces the kinase activity of PrkC and hence PrkC can 

adjust elongation activity based on the PG precursor pool (Ravikumar et al. 2014; Sun et al. 2023). 

Interestingly, in B. subtilis PrkC localizes to the septum during exponential growth, where it 

regulates GpsB activity independent of lipid II binding (Figure 1.3) (Pompeo et al. 2018; Pompeo 

et al. 2015; Galinier et al. 2021).  

 

 

Figure 2.5 | Schematic overview of the B. subtilis elongasome and divisome. A Depiction of the 
elongasome and its involved enzymes (adapted from (Dion et al. 2019)). B Depiction of the divisome 
including associated membrane anchored and cytoplasmic proteins (adapted from (Gamba et al. 2009)).  
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Table 2.3 | Proteins involved in cell division and elongation. Modified from (Egan et al. 2020). 

Protein Annotation Function Reference 

Cell division 

FtsZ Cell division initiation 
protein 

Master regulator of cell division; 
Tubulin homologue that polymerizes 
into filaments, forming the ring-like 
structure called the Z-ring 

(Erickson 
1997) 

FtsA Cell division protein Membrane anchor for FtsZ; 
Involved in divisome initiation after 
the divisome is fully formed 

(Pichoff and 
Lutkenhaus 
2005) 

ZapA Z-ring-associated 
protein 

Stabilizes FtsZ filament network to 
create a more ordered and 
persistent Z-ring 

(Caldas et al. 
2019) 

EzrA FtsZ-interacting 
protein 

Negatively regulates Z-ring 
assembly; Proposed to connect the 
division process with PG 
biosynthesis 

(Levin et al. 
1999) 

SepF FtsZ-interacting 
protein 

Similar function as FtsA; Recruits 
FtsZ and negatively regulates its 
glycosyltransferase activity; Enabling 
proper Z-ring assembly 

(Duman et al. 
2013) 

GpsB Cell cycle protein Adapter protein for multiple cell 
wall proteins; Regulates the switch 
between lateral and septal cell wall 
synthesis via interactions with class 
A PBPs; Interacts with PrkC in 
B. subtilis 

(Pompeo et al. 
2015; 
Cleverley et al. 
2019) 

FtsW (Potential lipid II 
flippase) 
 
Peptidoglycan 
polymerizing 
glycosyltransferase. 

(Translocation of lipid II across the 
membrane) 
Integral membrane protein of the 
SEDS family; 
GTase activity when bound by its 
cognate PBP 

(Mohammadi 
et al. 2014) 
 
(Taguchi et al. 
2019) 

DivIVA Division site selection 
protein  

Senses membrane invaginations and 
prevents Z-ring formation by 
recruiting the Min system; In 
L. monocytogenes it also involved in 
recruitment of the two autolysins 
P60 and NamA that are essential for 
separation of the daughter cells; 
Binds to GpsB 

(Lenarcic et al. 
2009; Kaval et 
al. 2014; 
Machata et al. 
2005; Halbedel 
and Lewis 
2019) 

Cell elongation 

MreB 
(MreBH) 

Actin homologue Master-player of cell elongation. 
Utilizes ATP hydrolysis to form 
polymers; The resulting 
circumferential rotation allows 

(Domínguez-
Escobar et al. 
2011; 
Carballido-
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integration of PG into the lateral cell 
wall 

López et al. 
2006) 

MreD Elongation protein Unknown function; Involved in 
maintaining the rod-shape 

(Carballido-
López et al. 
2006; 
Domínguez-
Escobar et al. 
2011; Leaver 
and Errington 
2005)  

MreC Cell shape-
determining protein 

Membrane anchor; Potentially 
involved in PG-cross-linking; Binds 
to PBP2 and induces structural 
changes; Interacts with MreB and 
MreD 

(Rohs et al. 
2018; Leaver 
and Errington 
2005) 

RodA Peptidoglycan 
polymerizing 
glycosyltransferase 
 

Integral membrane protein of the 
SEDS family;  
Increased glycosyltransferase 
activity in presence of PBP2 

(Emami et al. 
2017; 
Henriques et 
al. 1998) 

RodZ Morphogenic protein Scaffolding protein for the 
elongasome. Regulates MreB 
polymerization; Required for 
appropriate positioning of the Z-
ring; 
Phosphorylated by PrkC in B. subtilis 

(Alyahya et al. 
2009; Sun et 
al. 2023) 

2.8 Tolerance to quaternary ammonium compounds 

To counteract infection with L. monocytogenes, it is not only important to identify and 

characterize factors involved in biosynthesis of cell wall components and its subsequent 

integration into the growing strain to discover new antibiotic targets, but it is equally important 

to look into the prevention of spread. Infection of L. monocytogenes commonly originates from 

the ingestion of contaminated ready-to-eat foods. The success of the food-borne pathogen is 

accomplished by its ability to withstand various harsh environmental pressures often found in 

food-processing plants. This includes its ability to thrive at refrigerator temperatures of 4°C and 

the survival of the organism at extreme temperatures between -5°C – 45°C, allowing the spread 

even on frozen goods such as ice-cream. In addition, it can withstand salt concentrations of up to 

20%, a high range of different pH values or low water activity (Osek et al. 2022). This adaptation 

is of course partly due to the composition of the cell wall as discussed in the chapters above, but 

also due to a variety of additional adaptation mechanisms. One way to prevent the spread of 

Listeria monocytogenes and other pathogens in food-processing plants is the use of disinfectants 

that contain quaternary ammonium compounds (QACs), such as benzalkonium chloride (BAC) or 

cetyltrimethylammonium bromide (CTAB) (Gerba 2015; Nicoletti et al. 1993). Generally, 
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quaternary ammonium compounds consist of an ammonium ion linked to either an alkyl or aryl 

group. The chain length determines the activity towards bacteria and fungi. Whereas for instance 

a chain-length of C16 is optimal against gram-negative bacteria, a chain length of C14 is more 

potent against gram-positives. Hence, disinfectants often contain a mixture of quaternary 

ammonium compounds with varying chain length (Zinchenko et al. 2004). The charged nitrogen 

alters the charge distribution of the cell, while the headgroup of BAC binds to the acidic 

phospholipids of the membrane resulting in decreased fluidity and creation of hydrophilic cavities 

within the membrane (Figure 2.6) (Daoud et al. 1983; Gilbert and Al-taae 1985). The solubilization 

of the phospholipids eventually leads to the production of micelles containing BAC, phospholipids 

and contingently proteins that subsequently result in disruption of the membrane, leakage of 

intracellular material and cell lysis (Wessels and Ingmer 2013). Moreover, BAC is presumed to 

additionally bind intracellular targets such as DNA, thereby fortifying cell lysis (Wessels and Ingmer 

2013; Zinchenko et al. 2004).        

 Enhanced tolerance towards BAC and other QACs can arise due to mishandling of 

disinfectants, improper dilution or storage, which has often been reported in association with 

pathogenic outbreaks (Weber et al. 2007). In addition, low concentration BAC contaminations 

have been reported in wastewater and lakes, food samples, and soil samples, creating a platform 

for bacteria to adapt in presence of subinhibitory concentrations (Martínez-Carballo et al. 2007; 

Kümmerer et al. 1997; Kreuzinger et al. 2007; Li and Brownawell 2010; EFSA 2013). Most 

commonly, bacteria become less ceptible by overexpressing efflux systems that allow the export 

of the toxic substance (Merchel Piovesan Pereira and Tagkopoulos 2019). Additional mechanisms 

have been described in several different organisms. For instance, P. aeruginosa strains were less 

susceptible due to alterations in phospholipid and fatty acid composition of the membrane 

(Sakagami et al. 1989). Similarly, B. cereus showed changes in fatty acid composition with 

concomitant altered gene expression for genes involved in fatty acid metabolism (Ceragioli et al. 

2010). Prevention of the import of BAC via porins was observed in Pseudomonas and E. coli, which 

decreased expression of multiple porin genes (Kovacevic et al. 2016; Kim et al. 2018a; Bore et al. 

2007). In addition, biofilm formation was observed to increase tolerance towards BAC to the 

involved community. Increased tolerance was also observed in association with a decrease in 

diversity in communities of organisms and resulted in cross-adaptation to penicillin, tetracycline 

and ciprofloxacin (Tandukar et al. 2013). Interestingly, Pseudomonas spp. can not only degrade 

BAC, but can also further use the resulting compounds as secondary substrates and energy sources 

(Tandukar et al. 2013; Zhang et al. 2011). Several mechanisms have been identified in isolated 

L. monocytogenes strains or in isolates that were further adapted to BAC or similar QACs (Aase et 
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al. 2000; Romanova et al. 2002; Soumet et al. 2005; Jiang et al. 2016; Meier et al. 2017). 

Overexpression of different efflux pump systems seems to be the major mode of tolerance, this 

includes increased expression of genes coding for QacH, BcrABC, EmrE, MdrL or FepA some of 

which are located on mobile genetic elements (Meier et al. 2017; Dutta et al. 2013; Müller et al. 

2013; Kovacevic et al. 2016). Expression levels of mdrL are often used as a chromosomal marker 

for BAC tolerance in isolates and an allele-substituted mutant of the transporter, constructed in 

the L. monocytogenes isolate LOTM1 showed increased sensitivity towards BAC, as well as 

cefotaxime and EtBr (Mata et al. 2000). However, deletion of the major facilitator superfamily 

transporter MdrL in the EGD-e wild type did not alter the MIC towards BAC but only resulted in a 

growth defect in BAC-containing medium in comparison to the wildtype strain. A role in 

cefotaxime and EtBr export could also not be verified in this background. This raises the question 

if the overexpression of mdrL has a secondary effect in tolerant isolates (Jiang et al. 2019b). The 

plasmid based bcrABC gene, coding for the TetR transcriptional regulator BcrA and two small 

multridrug resistance (SMR) pumps BcrB and BcrC has been identified in association with BAC 

tolerance in isolated strains and was therefore named benzalkonium chloride resistance cassette 

(BcrABC) (Dutta et al. 2013). A chromosomal homologue of the bcrABC operon is encoded by 

lmo0852-lmo0853-lmo0854 and was analysed in the EGD-e wild type background due to its 

compositional similarities. lmo0852 codes for a TetR family regulator (SugR), while lmo0853 and 

lmo0854 code for the SMR efflux pumps SugE1 and SugE2, respectively (Jiang et al. 2020). Deletion 

of the two genes encoding SugE1 and SugE2 led to increased susceptibility towards BAC and other 

QACs, including CTAB, but showed no cross-adaptation to antibiotics or EtBr. Both SugE1 and 

SugE2 were overexpressed in the presence of BAC and seem to have a redundant function in BAC 

tolerance. The regulator SugR is a repressor of the sug operon in the absence of BAC (Jiang et al. 

2020). The gene coding for the efflux pump QacH is located on the transposon Tn6188, which was 

present in 11% of 91 screened L. monocytogenes isolates (Müller et al. 2014; Müller et al. 2013). 

Deletion and complementation assays showed that QacH is indeed responsible for decreased BAC 

sensitivity. Moreover, cells harbouring qacH were not only more tolerant towards BAC but also 

towards EtBr and other QACs including CTAB and the gene was upregulated in presence of all of 

these compounds (Müller et al. 2014). The gene coding for the efflux pump EmrE was identified 

as part of the genomic island LGI1. In contrast to QacH, the presence of EmrE did not result in 

cross-adaptation to other antimicrobials or EtBr (Kovacevic et al. 2016). Two independent studies 

analysed isolates that were serial adapted to BAC or similar biocides and found that the majority 

of the adapted strains contained mutations in the gene coding for the TetR-like transcriptional 

regulator FepR (Bolten et al. 2022; Douarre et al. 2022). The fepR gene encodes the repressor of 
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the fepRA operon, coding for the regulator itself and the MATE efflux pump FepA. Various 

mutations have been found in either the putative DNA binding domain or the substrate binding 

domain of FepR, likely resulting in increased FepA production and subsequently increased BAC 

export. In addition, the structure of BAC was modelled into the FepR binding site (Guérin et al. 

2014). Mutations in fepR resulted in cross-adaptation towards norfloxacin, gentamycin, 

ciprofloxacin, tetracycline, EtBr and other antiseptics (Guérin et al. 2014). Recent studies suggest 

that mutations in fepR are the major mode of tolerance of adapted isolates. Moreover, while 

various BAC sensitive strains were isolated and analysed, to our knowledge, there is no record of 

CTAB adapted strains. Increasing the knowledge about distinct tolerance mechanisms could 

provide guidance for selecting appropriate disinfectants to be used in the food industry.  
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Figure 2.6 | Mode of action of benzalkonium chloride (BAC). A Simplified structure of BAC. The chain length 
(n) can vary and shows different antimicrobial activity against gram-positive and gram-negative bacteria. B-
E The headgroup of BAC can be immersed to the acidic phospholipids of the bacterial membrane, resulting 
in alteration of the charge distribution. The fluidity of the bilayer is subsequently decreased, causing the 
creation of hydrophilic cavities (light purple), which eventually leads to solubilisation and cell lysis (adapted 
from (Wessels and Ingmer 2013)). F Apart from its primary mechanism, BAC might also bind to DNA and 
proteins intracellularly. Different efflux systems, which have been identified in association with BAC 
tolerance in L. monocytogenes are depicted. 
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2.9 Aims 

L. monocytogenes is one of the most successful food-borne pathogens worldwide. Complex 

molecular processes and cellular structures, including the cell wall allows the bacterium to survive 

and thrive in a diverse range of harsh environmental conditions, including food-processing 

facilities and the survival in the human host. Hence, the cell wall makes up a suitable target for 

antibiotics. Gaining knowledge about these processes and identifying factors that are involved will 

aid in the prevention of spread particularly in food processing environments and the fight of 

infection. In this work we aimed to identify and characterize factors that play a role in cell wall 

associated processes or in tolerance towards disinfectants that are typically used to prevent the 

spread of L. monocytogenes. The cell wall plays an essential role in protection and survival under 

various environmental conditions. The biosynthesis of cell wall components, including 

peptidoglycan, lipoteichoic and wall teichoic acids, the subsequent integration into the growing 

cell wall and its modification has to be tightly regulated and involves a vast number of enzymes 

and protein complexes. Even though the different aspects involved in building the cell wall are 

studied intensively in various organisms, numerous involved factors remain partly 

uncharacterized and the interrelation between synthesis of peptidoglycan, its integration into the 

newly growing strain, hydrolysis, decoration, and modification is a complex subject with many 

open questions. One factor, which was recently identified in a screen for lysozyme sensitive 

transposon mutants, is the putative ABC transporter EslABC. L. monocytogenes is intrinsically 

resistant towards the natural antimicrobial lysozyme due to cell wall modifications. Preliminary 

experiments with a strain lacking the transmembrane protein Lmo2768 (ΔeslB) revealed a cell 

division defect of the transporter mutant. This raised the question about the role of the 

transporter in lysozyme sensitivity, cell division and possible underlying biosynthetic mechanisms. 

In this work, we aimed to further characterize the ΔeslB mutant by assessing additional phenotypic 

differences in comparison to the L. monocytogenes wildtype strain and further elucidating its role 

in lysozyme sensitivity. One way to get a broader idea about the possible function of the 

transporter was to characterize ΔeslB suppressor mutants that readily evolve in presence of 

different stresses, such as lysozyme. Simultaneously, we aimed to describe the role of its closest 

homologue YtrABCDE that was recently identified in B. subtilis by a former PhD student. 

Disinfectants containing quaternary ammonium compounds (QACs) are commonly used in food 

processing plants. In this work, we intended to identify factors that are involved in increased 

tolerance towards the two QACs benzalkonium chloride (BAC) and CTAB, by evolving the 

L. monocytogenes wild type EGD-e in presence of increasing BAC and CTAB concentrations.  
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Abstract  

Lysozyme is an important component of the innate immune system. It functions by hydrolysing 

the peptidoglycan (PG) layer of bacteria. The human pathogen Listeria monocytogenes is 

intrinsically lysozyme resistant. The peptidoglycan N-deacetylase PgdA and O-acetyltransferase 

OatA are two known factors contributing to its lysozyme resistance. Furthermore, it was shown 

that the absence of components of an ABC transporter, here referred to as EslABC, leads to 

reduced lysozyme resistance. How its activity is linked to lysozyme resistance is still unknown. To 

investigate this further, a strain with a deletion in eslB, coding for a membrane component of the 

ABC transporter, was constructed in L. monocytogenes strain 10403S. The eslB mutant showed a 

40-fold reduction in the minimal inhibitory concentration to lysozyme. Analysis of the PG structure 

revealed that the eslB mutant produced PG with reduced levels of O-acetylation. Using growth 

and autolysis assays, we show that the absence of EslB manifests in a growth defect in media 

containing high concentrations of sugars and increased endogenous cell lysis. A thinner PG layer 

produced by the eslB mutant under these growth conditions might explain these phenotypes. 

Furthermore, the eslB mutant had a noticeable cell division defect and formed elongated cells. 

Microscopy analysis revealed that an early cell division protein still localized in the eslB mutant 

indicating that a downstream process is perturbed. Based on our results, we hypothesize that EslB 

affects the biosynthesis and modification of the cell wall in L. monocytogenes and is thus 

important for the maintenance of cell wall integrity. 

 

Importance 

The ABC transporter EslABC is associated with the intrinsic lysozyme resistance of Listeria 

monocytogenes. However, the exact role of the transporter in this process and in the physiology 

of L. monocytogenes is unknown. Using different assays to characterize an eslB deletion strain, we 

found that the absence of EslB not only affects lysozyme resistance, but also endogenous cell lysis, 

cell wall biosynthesis, cell division and the ability of the bacterium to grow in media containing 

high concentrations of sugars. Our results indicate that EslB is by a yet unknown mechanism an 

important determinant for cell wall integrity in L. monocytogenes.  
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Introduction 

gram-positive bacteria are surrounded by a complex cell wall, which is composed of a thick layer 

of peptidoglycan (PG) and cell wall polymers. The bacterial cell wall is important for the 

maintenance of cell shape, the ability of bacteria to withstand harsh environmental conditions 

and to prevent cell lysis (1, 2). Due to its importance, cell wall-targeting antibiotics such as β-

lactam, glycopeptide and fosfomycin antibiotics are commonly used to treat bacterial infections 

(3, 4). These cell-wall targeting antibiotics inhibit enzymes involved in different stages of the PG 

biosynthesis process or sequester substrates of these enzymes (4). Moenomycin, another cell 

wall-targeting antibiotic, and β-lactam antibiotics, for instance, block the glycosyltransferase and 

transpeptidase activity of penicillin binding proteins, respectively, which are required for the 

polymerization and crosslinking of the glycan strands (5-7). Peptidoglycan is also the target of the 

cell wall hydrolase lysozyme, which is a component of animal and human secretions such as tears 

and mucus. Lysozyme cleaves the glycan strands of PG by hydrolysing the 1,4-β-linkage between 

N-acetylmuramic acid (MurNAc) and N-acetylglucosamine (GlcNAc). This reaction leads to a loss 

of cell integrity and results in cell lysis (8). The intracellular human pathogen Listeria 

monocytogenes is intrinsically resistant to lysozyme due to modifications of its PG. The N-

deacetylase PgdA deacetylates GlcNAc residues, whereas MurNAc residues are acetylated by the 

O-acetyltransferase OatA (9, 10). Consequently, deletion of either of these enzymes results in 

reduced lysozyme resistance (9, 10). One or both of these enzymes are also present in other 

bacterial pathogens and important for lysozyme resistance, such as PgdA in Streptococcus 

pneumoniae, OatA in Staphylococcus aureus and PgdA and OatA in Enterococcus faecalis (11-14). 

Besides enzymes that directly alter the peptidoglycan structure, a number of other factors have 

been shown to contribute to lysozyme resistance in diverse bacteria. For instance, the cell wall 

polymer wall teichoic acid and the two-component system GraRS contribute to lysozyme 

resistance in S. aureus (15, 16). In E. faecalis, the extracytoplasmic function sigma factor SigV is 

required for the upregulation of pgdA expression in the presence of lysozyme (11, 17). Recently, 

some additional factors have been identified, which contribute to the intrinsic lysozyme resistance 

of L. monocytogenes such as the predicted carboxypeptidase PbpX, the transcription factor DegU 

and the noncoding RNA Rli31 (18). DegU and Rli31 are involved in the regulation of pgdA and pbpX 

expression in L. monocytogenes (18). Furthermore, components of a predicted ABC transporter 

encoded by the lmo2769-6 operon in L. monocytogenes and here referred to as eslABCR for 

elongation, sugar- and lysozyme sensitive phenotype (Fig. 1) have been associated with lysozyme 

resistance (18-20). An eslB transposon insertion mutant was also shown to be more sensitive to 

cefuroxime and cationic antimicrobial peptides (18). 
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Figure 1 | Schematic representation of the L. monocytogenes eslABCR operon and interaction of the ABC 
transporter components EslABC. (A) Genomic arrangement of the eslABCR operon in L. monocytogenes. 
Arrowheads indicate the orientation of the genes. Small black arrow indicates the promoter identified in a 
previous study (20). (B) Model of the ABC transporter composed of the NBD protein EslA, which hydrolyses 
ATP, the TMD proteins EslB and EslC, and the cytoplasmic RpiR family transcription regulator EslR. The eslB 
gene and EslB protein, which were investigated as part of the study, are highlighted in pink. (C) Interactions 
between the ABC transporter components. Plasmids encoding fusions of EslA, EslB and EslC and the T18- 
and T25-fragments of the Bordetella pertussis adenylate cyclase were co-transformed into E. coli BTH101. 
Empty vectors pKT25 and pUT18C were used as negative control and pKT25- and pUT18C-Zip as positive 
control. Black lines indicate where lanes, which were not required, were removed. Self-interactions are 
marked with blue boxes and protein-protein interactions with orange boxes. A representative image of 
three repeats is shown. 
 

ABC transporters can either act as importers or exporters. Importers are involved in the uptake of 

sugars, peptides or other metabolites, which are recognized by substrate binding proteins. On the 

other hand, toxic compounds such as antibiotics can be exported by ABC exporters (21-23). They 

are usually composed of homo- or heterodimeric cytoplasmic nucleotide-binding domain (NBD) 

proteins, also referred to as ATP-binding cassette proteins, and homo- or heterodimeric 

transmembrane domain (TMD) proteins (24). In addition to NBDs and TMDs, ABC importers have 
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an extracellular substrate binding protein (SBP) or a membrane-integrated S-component, which 

are important for the delivery of specific substrate molecules to the transporter or substrate 

binding, respectively (25-27). The esl operon encodes EslA, the NBD protein, EslB, the TMD protein 

forming part of the ABC transporter, EslC, a membrane protein of unknown function and EslR, a 

RpiR-type transcriptional regulator (Fig. 1). So far, it has not been investigated whether EslC is a 

component of the ABC transporter encoded in the esl operon. EslB and EslC could for instance 

interact with each other and form the transmembrane domain of the ABC transporter, or EslC 

could function independent from EslAB. Furthermore, it is not known whether the predicted ABC 

transporter EslABC acts as an importer or exporter and its exact cellular function has not been 

identified. Here, we show that the absence of EslB, one of the transmembrane components of the 

ABC transporter, leads to an increased lysozyme sensitivity due to an altered PG structure. In 

addition, deletion of eslB resulted in the production of a thinner cell wall, and thus to an increased 

endogenous cell lysis. Furthermore, cell division is perturbed in the absence of EslB. We 

hypothesize that EslB may be required for processes, which are important for the maintenance of 

the cell wall integrity of L. monocytogenes during stress conditions. 

 

Materials and Methods 

Bacterial strains and growth conditions. All strains and plasmids used in this study are listed in 

Table S1. Escherichia coli strains were grown in Luria-Bertani (LB) medium and Listeria 

monocytogenes strains in brain heart infusion (BHI) medium at 37°C unless otherwise stated. If 

necessary, antibiotics and supplements were added to the medium at the following 

concentrations: for E. coli cultures, ampicillin (Amp) at 100 µg/ml, chloramphenicol (Cam) at 20 

µg/ml and kanamycin (Kan) at 30 µg/ml, and for L. monocytogenes cultures, Cam at 10 µg/ml, 

erythromycin (Erm) at 5 µg/ml, Kan at 30 µg/ml, nalidixic acid (Nal) at 20 µg/ml, streptomycin 

(Strep) at 200 µg/ml and IPTG at 1 mM. 

 

 

Strain and plasmid construction. All primers used in this study are listed in Table S2. For the 

markerless in-frame deletion of lmo2768 (lmrg_01927, eslB), approximately 1kb-DNA fragments 

up- and downstream of the eslB gene were amplified by PCR using primer pairs ANG2532/2533 

and ANG2534/2535. The resulting PCR products were fused in a second PCR using primers 

ANG2532/2535, the product cut with BamHI and XbaI and ligated with plasmid pKSV7 that had 

been cut with the same enzymes. The resulting plasmid pKSV7-eslB was recovered in E. coli XL1-

Blue yielding strain ANG4236. The plasmid was subsequently transformed into L. monocytogenes 
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strain 10403S and eslB deleted by allelic exchange using a previously described procedure (28). 

The deletion of eslB was verified by PCR. The deletion procedure was performed with two 

independent transformants and resulted in the construction of two independent eslB mutant 

strains 10403SeslB(1) (ANG4275) and 10403SeslB(2) (ANG5662). For complementation analysis, 

pIMK3-eslB was constructed, in which the expression of eslB can be induced by IPTG. The eslB 

gene was amplified using primer pair ANG2812/ANG2813, the product cut with NcoI and SalI and 

fused with pIMK3 that had been cut with the same enzymes. The resulting plasmid pIMK3-eslB 

was recovered in E. coli XL1-Blue yielding strain ANG4647. Due to difficulties in preparing 

electrocompetent cells of L. monocytogenes eslB mutant strains, plasmid pIMK3-eslB was first 

electroporated into the wildtype L. monocytogenes strain 10403S yielding strain 10403S pIMK3-

eslB (ANG4678). In the second step, eslB was deleted from the genome of strain ANG4678 

resulting in the construction of the first eslB complementation strain 10403SeslB(1) pIMK3-eslB 

(ANG4688, short 10403SeslB(1) compl.). In addition, complementation plasmid pPL3e-PeslA-

eslABC was constructed. To this end, the eslABC genes including the upstream promoter region 

were amplified by PCR using primers ANG3349/ANG3350. The resulting PCR product was cut with 

SalI and BamHI and fused with plasmid pPL3e that had been cut with the same enzymes. Plasmid 

pPL3e-PeslA-eslABC was recovered in E. coli XL1-Blue yielding strain ANG5660. Next, plasmid pPL3e-

PeslA-eslABC was transformed into E. coli SM10 yielding strain ANG5661. Lastly, SM10 pPL3e-PeslA-

eslABC was used as a donor strain to transfer plasmid pPL3e-PeslA-eslABC by conjugation into L. 

monocytogenes strain 10403SeslB(2) (ANG5662) using a previously described method (29). This 

resulted in the construction of the second eslB complementation strain 10403SeslB(2) pPL3e-PeslA-

eslABC (ANG5663, short 10403SeslB(2) compl.). For the markerless in-frame deletion of lmo2769 

(lmrg_01926, eslA), and lmo2767 (lmrg_01928, eslC), approximately 1kb-DNA fragments up- and 

downstream of the corresponding gene were amplified by PCR using primer pairs LMS160/161 

and LMS159/162 (eslA), and LMS155/158 and LMS156/157 (eslC). The resulting PCR products 

were fused in a second PCR using primers LMS159/160 (eslA) and LMS155/156 (eslC). The 

products were cut with BamHI and EcoRI (eslA) and BamHI and KpnI (eslC) and ligated with plasmid 

pKSV7 that had been cut with the same enzymes. The resulting plasmids pKSV7-eslA and pKSV7-

eslC were recovered in E. coli XL1-Blue yielding strains EJR54 and EJR43, respectively. The 

plasmids were subsequently transformed into L. monocytogenes strain 10403S and eslA and eslC 

deleted by allelic exchange yielding strains 10403SeslA (LJR33) and 10403SeslC (LJR7). Plasmid 

pPL3e-PeslA-eslABC was transferred into LJR33 and LJR7 via conjugation using strain SM10 pPL3e-

PeslA-eslABC (ANG5661) as a donor strain, yielding strains 10403SeslA pPL3e-PeslA-eslABC (LJR34, 
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short 10403SeslA compl.) and 10403SeslC pPL3e-PeslA-eslABC (LJR21, short 10403SeslC 

compl.). 

For the construction of bacterial two hybrid plasmids, eslA, eslB and eslC were amplified 

by PCR using primer pairs JR44/45, JR46/47 and JR48/49, respectively. The resulting eslA and eslC 

fragments were cut with XbaI and KpnI and ligated into pKT25, pKNT25, pUT18 and pUT18C that 

had been cut with the same enzymes. The eslB fragment was cut with XbaI and BamHI and ligated 

into XbaI/BamHI cut pKT25, pKNT25, pUT18 and pUT18C. The resulting plasmids were recovered 

in E. coli XL1-Blue yielding strains XL1-Blue pKNT25-eslA (EJR4), XL1-Blue pKT25-eslA (EJR5), XL1-

Blue pUT18-eslA (EJR6), XL1-Blue pUT18C-eslA (EJR7), XL1-Blue pKNT25-eslB (EJR8), XL1-Blue 

pKT25-eslB (EJR9), XL1-Blue pUT18-eslB (EJR10), XL1-Blue pUT18C-eslB (EJR11), XL1-Blue pKNT25-

eslC (EJR12), XL1-Blue pKT25-eslC (EJR13) and XL1-Blue pUT18C-eslC (EJR15). Using this approach, 

we were unable to construct pUT18-eslC without acquiring mutations in eslC. In a second attempt 

to generate pUT18-eslC, plasmid pKT25-eslC (from strain EJR13) was cut with XbaI and KpnI, the 

eslC fragment extracted and ligated into XbaI/KpnI cut pUT18. The resulting plasmid was 

recovered in E. coli CLG190 yielding strain CLG190 pUT18-eslC (EJR14). 

 For the localization of an early cell division protein, the N-terminus of ZapA was fused to 

mNeonGreen. For this purpose, mNeonGreen and zapA genes were amplified using primer pairs 

JR73/JR39 and JR40/JR74, respectively. The resulting PCR products were fused in a second PCR 

using primers JR73/JR74, the product was cut with NcoI and SalI and ligated with pIMK2 that had 

been cut with the same enzymes. pIMK2-mNeonGreen-zapA was recovered in E. coli XL1-Blue and 

transformed into E. coli S17-1 yielding strains EJR39 and EJR60, respectively. S17-1 pIMK2-

mNeonGreen-zapA was used as a donor strain to transfer the plasmid pIMK2-mNeonGreen-zapA 

by conjugation into L. monocytogenes strains 10403S (ANG1263) and 10403SeslB(2) (ANG5662) 

resulting in the construction of strains 10403S pIMK2-mNeonGreen-zapA (LJR28) and 

10403SeslB(2) pIMK2-mNeonGreen-zapA (LJR29). 

 

 

Bacterial two-hybrid assays. Interactions between EslA, EslB and EslC were analyzed using 

bacterial adenylate cyclase two-hybrid (BACTH) assays (30). For this purpose, 15 ng of the 

indicated pKT25/pKNT25 and pUT18/pUT18C derivatives were co-transformed into E. coli strain 

BTH101. Transformants were spotted on LB agar plates containing 25 µg/ml kanamycin, 100 µg/ml 

ampicillin, 0.5 mM IPTG and 80 µg/ml X-Gal and the plates incubated at 30°C. Images were taken 

after an incubation of 48 h. 
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Whole genome sequencing. Genomic DNA of L. monocytogenes was extracted using the 

FastDNATM Kit (MP Biomedicals) and libraries for sequencing were prepared using the Illumina 

Nextera DNA kit. The samples were sequenced at the London Institute of Medical Sciences using 

an Illumina MiSeq instrument and a 150 paired end Illumina kit. The reads were trimmed, mapped 

to the L. monocytogenes 10403S reference genome (NC_017544) and single nucleotide 

polymorphisms (SNPs) with a frequency of at least 80% and small deletions (zero coverage) 

identified using the CLC workbench genomics (Qiagen). 

Growth analysis. L. monocytogenes strains were grown overnight in 5 ml BHI medium at 37°C with 

shaking. The next day, these cultures were used to inoculate 15 ml fresh BHI medium or BHI 

medium containing 0.5 M sucrose, fructose, glucose, maltose, galactose or sodium chloride to an 

OD600 of 0.05. The cultures were incubated at 37°C with shaking at 180 rpm, OD600 readings were 

taken every hour for 8 h.  

 

Determination of minimal inhibitory concentration (MIC). The minimal inhibitory concentration 

for the cell wall-acting antibiotics penicillin and moenomycin and the cell wall hydrolase lysozyme 

was determined in 96-well plates using a microbroth dilution assay. Approximately 104 L. 

monocytogenes cells were used to inoculate 200 µl BHI containing two-fold dilutions of the 

different antimicrobials. The starting antibiotic concentrations were: 0.025 µg/ml for penicillin G, 

0.2 µg/ml for moenomycin and 10 mg/ml or 0.25 mg/ml for lysozyme. The 96-well plates were 

incubated at 37°C with shaking at 500 rpm in a plate incubator (Thermostar, BMG Labtech) and 

OD600 determined after 24 hours of incubation. The MIC value refers to the antibiotic 

concentration at which bacterial growth was inhibited by >90%. 

 

Plate spotting assay. Overnight cultures of the indicated L. monocytogenes strains were adjusted 

to an OD600 of 1 and serially diluted to 10-6. 5 µl of each dilution were spotted on BHI agar plates 

or BHI agar plates containing 100 µg/ml lysozyme, both containing 1 mM IPTG. Images of the 

plates were taken after incubating them for 20-24 h at 37°C. 

 

Peptidoglycan isolation and analysis. Overnight cultures of 10403SeslB(1) and 10403SeslB(1) 

compl. were diluted in 1 L BHI broth (supplemented with 1 mM IPTG for strain 10403SeslB(1) 

compl.) to an OD600 of 0.06 and incubated at 37°C. At an OD600 of 1, bacterial cultures were cooled 

on ice for 1h and the bacteria subsequently collected by centrifugation. The peptidoglycan was 

purified, digested with mutanolysin and the muropeptides analyzed by HPLC using an Agilent 1260 

infinity system, as previously described (31, 32). Peptidoglycan of the wildtype L. monocytogenes 
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strain 10403S was purified and analyzed in parallel. The chromatogram of the same wild-type 

control strain was recently published (33) and also used as part of this study, since all strains were 

analyzed at the same time. The major peaks 1-6 were assigned according to previously published 

HPLC spectra (18, 34), with peaks 2, 4, 5 and 6 corresponding to N-deacetylated GlcNAc residues. 

Peaks 1-2 correspond to monomeric and peaks 4-6 to dimeric (crosslinked) muropeptide 

fragments. The Agilent Technology ChemStation software was used to integrate the areas of the 

main muropeptide. For quantification, the sum of the peak areas was set to 100% and the area of 

individual peaks was determined. The sum of values for peaks 3-6 corresponds to the % 

crosslinking, whereas the deacetylation state was calculated by adding up the values for peaks 4, 

5 and 6. Averages values and standard deviations were calculated from three independent 

extractions.  

 

O-acetylation assay. Peptidoglycan of strains 10403S, 10403SeslB(1) and 10403SeslB(1) compl., 

which had not been treated with hydrofluoric acid and alkaline phosphatase to avoid removal of 

the O-acetyl groups, was used for the O-acetylation assays. O-acetylation was measured 

colorimetrically according to the Hestrin method described previously (35) with slight 

modifications. Briefly, 800 µg of PG (dissolved in 500 µl H2O) were incubated with an equal volume 

of 0.035 M hydroxylamine chloride in 0.75 M NaOH for 10 min at 25°C. Next, 500 µl of 0.6 M of 

perchloric acid and 500 µl of 70 mM ferric perchlorate in 0.5 M perchloric acid were added. The 

color change resulting from the presence of O-acetyl groups was quantified at 500 nm. An assay 

reaction with 500 µl H2O was used as a blank for the absorbance measurement. 

 

Autolysis assays. L. monocytogenes strains were diluted in BHI or BHI medium supplemented with 

0.5 M sucrose to an OD600 of 0.05 and grown for 4 h at 37°C. Cells were collected by centrifugation 

and resuspended in 50 mM Tris-HCl, pH 8 to an OD600 of 0.7-0.9 and incubated at 37°C. For 

penicillin- and lysozyme-induced lysis, 25 µg/ml penicillin G or 2.5 µg/ml lysozyme was added to 

the cultures. Autolysis was followed by determining OD600 readings every 15 min.  

Fluorescence and phase contrast microscopy. Overnight cultures of the indicated L. 

monocytogenes strains were diluted 1:100 in BHI medium and grown for 3 h at 37°C. For staining 

of the bacterial membrane, 100 µl of these cultures were mixed with 5 µl of 100 µg/ml nile red 

solution and incubated for 20 min at 37°C. The cells were washed twice with PBS and subsequently 

suspended in 50 µl of PBS. 1-1.5 µl of the different samples were subsequently spotted on 

microscope slides covered with a thin agarose film (1.5 % agarose in distilled water), air-dried and 

covered with a cover slip. Phase contrast and fluorescence images were taken at 1000x 
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magnification using the Zeiss Axio Imager.A1 microscope coupled to an AxioCam MRm and 

processed using the Zen 2012 software (blue edition). The nile red fluorescence signal was 

detected using the Zeiss filter set 00. The length of 300 cells was measured for each experiment 

and the median cell length was calculated.  

 For ZapA-localization studies, overnight cultures of the indicated L. monocytogenes strains 

were grown in BHI medium at 37°C to an OD600 of 0.3-0.5. The staining of the bacterial membrane 

with nile red was performed as described above. After nile red staining, cells were fixed in 1.2% 

paraformaldehyde for 20 min at RT. 1-1.5 µl of the different samples were spotted on microscope 

slides as described above. Phase contrast and fluorescence images were taken at 1000x 

magnification using the Zeiss Axioskop 40 coupled to an AxioCam MRm and processed using the 

Axio Vision software (release 4.7). The nile red and mNeonGreen fluorescence signals were 

detected using the Zeiss filter set 43 and 37, respectively. 

 

Transmission electron microscopy. Overnight cultures of L. monocytogenes strains 10403S, 

10403SeslB(2) and 10403SeslB(2) compl. were used to inoculate 25 ml BHI broth or BHI broth 

supplemented with 0.5 M sucrose to an OD600 of 0.05. Bacteria were grown at 37°C and 200 rpm 

for 3.5 h (BHI broth) or 6 h (BHI broth containing 0.5 M sucrose). 15 ml of the cultures were 

centrifuged for 10 min at 4000 rpm, the cell pellet washed twice in phosphate-buffered saline (127 

mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) and fixed overnight in 2.5 % (w/v) 

glutaraldehyde at 4°C. Cells were then mixed with 1.5 % (w/v, final concentration in PBS) molten 

Bacto-Agar, kept liquid at 55°C. After solidification, the agar block was cut into pieces with a 

volume of 1 mm3. A dehydration series was performed (15 % aqueous ethanol solution for 15 min, 

30 %, 50 %, 70 % and 95 % for 30 min and 100 % for 2x 30 min) at 0°C, followed by an incubation 

step in 66 % (v/v, in ethanol) LR-white resin mixture (Plano) for 2 h at RT and embedded in 100 % 

LR-white solution overnight at 4°C. One agar piece was transferred to a gelatin capsule filled with 

fresh LR-white resin, which was subsequently polymerized at 55°C for 24 h. A milling tool (TM 60, 

Reichert & Jung, Vienna, Austria) was used to shape the gelatin capsule into a truncated pyramid. 

An ultramicrotome (Reichert Ultralcut E, Leica Microsystems, Wetzlar, Germany) and a diamond 

knife (Delaware Diamond Knives, Wilmington, DE, USA) were used to obtain ultrathin sections (80 

nm) of the samples. The resulting sections were mounted on mesh specimen grids (Plano) and 

stained with 4 % (w/v) uranyl acetate solution (pH 7.0) for 10 min. Microscopy was performed 

using a Jeol JEM 1011 transmission electron microscope (Jeol Germany GmbH, Munich) at 80 kV. 

Images were taken at a magnification of 30,000 and recorded with an Orius SC1000 CCD camera 

(Pleasanton, CA, USA). For each replicate, 20 cells were photographed and cell wall thickness was 
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measured at three different locations using the ImageJ software (36). The average of the three 

measurements was calculated and the average and standard deviation of 20 cells plotted. The 

experiment was performed twice. 

 

Cell culture. Bone marrow-derived macrophages (BMMs) were extracted from female C57BL/6 

mice as described previously (37). BMMs were a gift from Charlotte S. C. Michaux and Sophie 

Helaine. 5x105 BMMs were seeded per well of a 24-well plate and grown overnight in 500 µl high 

glucose Dulbecco’s Modified Eagle Medium (DMEM) at 37°C and 5% CO2. L. monocytogenes 

strains were grown overnight without shaking in 2 ml BHI medium at 30°C. The next morning, 

bacteria were opsonized with 8% mouse serum (Sigma-Aldrich) at room temperature for 20 min 

and BMMs were infected for one hour at a multiplicity of infection (MOI) of 2. BMMs were washed 

with PBS and 1 ml DMEM containing 40 µg/ml gentamycin was added to kill extracellular bacteria. 

After 1 h, cells were washed with PBS and covered with 1 ml DMEM containing 10 µg/ml 

gentamycin. The number of recovered bacteria was determined 2, 4, 6 and 8 h post infection. To 

this end, BMMs were lysed using 1 ml PBS containing 0.1% (v/v) triton X-100 and serial dilutions 

were plated on BHI agar plates. The number of colony forming units (CFUs) was determined after 

incubating the plates overnight at 37°C. Three technical repeats were performed for each 

experiment and average values calculated. Average values and standard deviations from three 

independent experiments were plotted. 

 

Drosophila melanogaster infections. Fly injections were carried out with microinjection needles 

produced from borosilicate glass capillaries (World Precision Instruments TW100-4) and a needle 

puller (Model PC-10, Narishige). Injections were performed using a Picospritzer III system (Parker 

Hannifin), and the injection volume was calibrated by expelling a drop of liquid from the needle 

into a pot of mineral oil and halocarbon oil (both Sigma). The expelled drop was measured using 

the microscope graticule to obtain a final injection volume of 50 nanolitres (nl). Flies were then 

anesthetized with CO2 and injected with either 50 nl of bacterial suspension in PBS or sterile PBS. 

5-7-day old age matched male flies were used for all experiments. Flies were grouped into 

uninjected control, wounding control (injection with sterile PBS), and flies infected with L. 

monocytogenes. Each group consisted of 58-60 flies. All survival experiments were conducted at 

29°C. Dead flies were counted daily. Food vials were placed horizontally to reduce the possibility 

of fly death from flies getting stuck to the food, and flies were transferred to fresh food every 3-4 

days. For the quantification of the bacterial load, 16 flies per condition and per bacterial strain 

were collected at the indicated time points. The flies were homogenised in 100 µl of TE-buffer pH 
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8 containing 1% Triton X-100 and 1% Proteinase K (NEB, P8107S). Homogenates were incubated 

for 3 h at 55°C followed by a 10 min incubation step at 95°C. Following incubation, qPCR was 

carried out using the actA gene specific primers EGD-E_ActA_L1 and EGD-E_ActA_R1 to determine 

the number of bacterial colony forming units. PCR was performed with Sensimix SYBR Green no-

ROX (Bioline) on a Corbett Rotor-Gene 6000. The cycling conditions were as follows: Hold 95°C for 

10 min, then 45 cycles of 95°C for 15 s, 57°C for 30 s, 72°C for 30 s, followed by a melting curve. 

Gene abundances were calculated as previously described (38). 

 

Results 

EslC interacts with the transmembrane protein EslB 

Previously it has been shown that L. monocytogenes strains with mutations in the eslABCR operon 

(Fig. 1A) display decreased resistance towards the cell wall hydrolase lysozyme (18, 19). The esl 

operon encodes the ATP binding protein EslA and the transmembrane proteins EslB and EslC, 

which are proposed to form an ABC transporter. However, it is currently unknown if EslC forms 

part of the ABC transporter as depicted in Figure 1B and if it is required for the function of the 

transporter. To gain insights into the composition of the ABC transporter, we assessed the 

interaction between EslA, EslB and EslC using the bacterial adenylate cyclase-based two-hybrid 

system. In addition to self-interactions of EslA, EslB and EslC, we observed an interaction between 

EslB and EslC (Fig. 1C), indicating that EslC might be part of the ABC transporter.  

 

Deletion of eslB in L. monocytogenes leads to lysozyme sensitivity and an altered peptidoglycan 

structure. 

An eslA in-frame deletion mutant and an eslB transposon insertion mutant were shown to be more 

sensitive to lysozyme compared to the wildtype strain (18, 19). However, it is still unknown how 

the function of an ABC transporter is linked to this phenotype. To investigate this further, strains 

with markerless in-frame deletions in eslA, eslB and eslC were constructed in the 

L. monocytogenes strain background 10403S. First, the lysozyme resistance of these mutants was 

assessed using a plate spotting assay. The eslA and eslB mutants showed reduced growth on BHI 

plates containing 100 µg/ml lysozyme compared to the wildtype and eslA and eslB 

complementation strains (Fig. 2A). On the other hand, no phenotype was observed for the eslC 

mutant (Fig. 2A). Since deletion of eslA and eslB resulted in a decreased lysozyme resistance, and 

an eslA mutant has already been characterized in previous work (19), we focused here on the 

characterization of the eslB deletion strain. 
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Figure 2 | Impact of eslB deletion on resistance towards cell wall-targeting antimicrobials. (A) Plate 

spotting assay. Dilutions of overnight cultures of L. monocytogenes strains 10403S (wt), 10403SeslA, 

10403SeslA compl., 10403SeslB(1), 10403SeslB(1) compl., 10403SeslB(2), 10403SeslB(2) compl., 

10403SeslC, and 10403SeslC compl. were spotted on BHI plates and BHI plates containing 100 µg/ml 
lysozyme, both supplemented with 1 mM IPTG. A representative result from three independent 
experiments is shown. (B-D) Minimal inhibitory concentration (MIC) of L. monocytogenes strains 10403S 

(wt), 10403SeslB(1) and 10403SeslB(1) compl. towards (B) lysozyme, (C) penicillin G and (D) moenomycin. 

Strain 10403SeslB(1) compl. was grown in the presence of 1 mM IPTG. The results of four independent 
experiments are shown. For statistical analysis, a one-way ANOVA followed by a Dunnett’s multiple 
comparisons test was used (** p≤0.01).  

 

In the course of the study, we determined the genome sequence of the originally constructed eslB 

mutant (10403SeslB(1)) by whole genome sequencing (WGS) and identified an additional small 

deletion in gene lmo2396 coding for an internalin protein with a leucine-rich repeat (LRR) and a 

mucin-binding domain (Table S3). While to the best of our knowledge, the contribution of 

Lmo2396 to the growth and pathogenicity of L. monocytogenes has not yet been investigated, 

other internalins are important and well-established virulence factors (39, 40). Our WGS analysis 

also revealed a single point mutation in gene lmo2342, coding for a pseudouridylate synthase in 
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the complementation strain 10403SeslB(1) compl. (Table S3). Since we identified an additional 

mutation in a gene coding for a potential virulence factor in the eslB mutant, we constructed a 

second independent eslB mutant, 10403SeslB(2). We also constructed a second complementation 

strain, strain 10403SeslB(2) PeslA-eslABC (or short 10403SeslB(2) compl.), in which the eslABC 

genes are expressed from the native eslA promoter from a chromosomally integrated plasmid. 

Our WGS analysis revealed that strain 10403SeslB(2) did not contain any secondary mutations 

(Table S3). A 1-bp deletion in gene lmo2022 encoding a predicted NifS-like protein required for 

NAD biosynthesis, was identified in strain 10403SeslB(2) compl. (Table S3), which if non-

complementable phenotypes are observed needs to be kept in mind. We confirmed that our 

second eslB mutant strain 10403SeslB(2) showed the same lysozyme sensitivity phenotype and 

that this phenotype could be complemented in strain 10403SeslB(2) compl., in which eslB is 

expressed along with eslA and eslC from its native promoter (Fig. 2A). Since we only identified the 

genomic alterations in the course of the study, some experiments were performed as stated in 

the text with the original eslB mutant and complementation strains 10403SeslB(1) and 

10403SeslB(1) compl., while other experiments were conducted with strains 10403SeslB(2) and 

10403SeslB(2) compl.  

Using microbroth dilution assays, we observed a 40-fold lower MIC for lysozyme for 

L. monocytogenes strain 10403SeslB(1) as compared to the wildtype strain (Fig. 2B and S1A) (18, 

19). This phenotype could be complemented and strain 10403SeslB(1) compl., in which eslB is 

expressed from an IPTG-inducible promoter, is even slightly more resistant to lysozyme as 

compared to the wildtype strain (Fig. 2B). Next, we tested whether the resistance towards two 

cell wall-targeting antibiotics, namely penicillin and moenomycin, is changed upon deletion of 

eslB. The MIC values obtained for the wildtype, eslB deletion and eslB complementation strains 

were comparable (Fig. 2C-D), suggesting that the deletion of eslB does not lead to a general 

sensitivity to all cell wall-acting antimicrobials but is specific to lysozyme. In L. monocytogenes, 

lysozyme resistance is achieved by the modification of the peptidoglycan (PG) by N-deacetylation 

via PgdA and O-acetylation via OatA (9, 10). To assess whether deletion of eslB affects the N-

deacetylation and crosslinking of PG, PG was isolated from wildtype 10403S, the eslB deletion and 

complementation strains, digested with mutanolysin and the muropeptides analyzed by high 

performance liquid chromatography (HPLC). This analysis revealed a slight increase in PG 

crosslinking in the eslB mutant strain (680.53%) compared to the wildtype (65.470.31%) and 

the complementation strain grown in the presence of IPTG (64.572.3%) (Fig. 3A-B). The GlcNAc 

residues of the PG isolated from the eslB deletion strain were also slightly more deacetylated 

(71.540.21%) as compared to the wildtype (67.170.31%) and the complementation strain 
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(672.27%) (Fig. 3A-B), which should theoretically result in an increase and not decrease in 

lysozyme resistance.          

 While only N-deacetylation can be assessed by the PG analysis described above, 

O-acetylation has also been shown to contribute to lysozyme resistance. Indeed, in Neisseria 

gonorrhoeae and Proteus mirabilis, a correlation with the degree of O-acetylation and lysozyme 

resistance has been reported (41, 42) When we assessed the degree of O-acetylation using a 

colorimetric assay, the PG isolated from the eslB mutant was less O-acetylated compared to the 

wildtype and the complementation strain, suggesting that reduced O-acetylation of the PG might 

contribute to the reduced lysozyme resistance of the eslB mutant strain (Fig. 3C). However, while 

the eslB complementation strain displayed even slightly higher lysozyme resistance compared to 

the wildtype strain (Fig. 2B), the degree of O-acetylation was not fully restored to wildtype levels 

in the complementation strain. This suggests that additional factors besides O-acetylation might 

be altered in the eslB mutant.  
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Figure 3 | Deletion of eslB leads to changes in the peptidoglycan structure. (A) HPLC analysis of 
muropeptides derived from mutanolysin digested peptidoglycan isolated from strains 10403S (wt), 

10403SeslB(1) and 10403SeslB(1) compl.. The muropeptide spectrum of the wildtype strain 10403S has 
been previously published (33). Major muropeptide peaks are labelled and numbered 1-6 according to 
previously published HPLC spectra (18, 34), with labels shown in red corresponding to muropeptides with 
N-deacetylated GlcNAc residues and peaks 1-2 corresponding to monomeric and 4-6 to dimeric (crosslinked) 
muropeptide fragments. Muropeptide abbreviations: GlcNAc – N-acetylglucosamine; GlcN – glucosamine; 
M – N-acetylmuramic acid; TriPDAPNH2 – L-alanyl-γ-D-glutamyl-amidated meso-diaminopimelic acid; 
TetraPDAPNH2 - L-alanyl-γ-D-glutamyl-amidated meso-diaminopimelyl-D-alanine. (B) Quantification of the 
relative abundance of muropeptide peaks 1-6 for peptidoglycan isolated of strains 10403S (wt), 

10403SeslB(1) and 10403SeslB(1) compl.. For quantification, the sum of the peak areas was set to 100% 
and the area of individual peaks was determined. Average values and standard deviations were calculated 
from three independent peptidoglycan extractions and plotted. For statistical analysis, a two-way ANOVA 
followed by a Dunnett’s multiple comparisons test was used (** p≤0.01, *** p≤0.001, **** p≤0.0001). (C) 

The degree of O-acetylation of purified peptidoglycan of strains 10403S (wt), 10403SeslB(1) and 
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10403SeslB(1) compl. was determined by a colorimetric assay as described in the methods section. Average 
values and standard deviations were calculated from three independent peptidoglycan extractions and two 
technical repeats and plotted. For statistical analysis, a two-way ANOVA followed by a Dunnett’s multiple 
comparisons test was used (** p≤0.01, **** p≤0.0001). 

 

Deletion of eslB results in a growth defect in high sugar media. 

The bacterial cell wall is an important structure to maintain the cell integrity and to prevent lysis 

due to high internal turgor pressure or when bacteria experience changes in the external 

osmolality. Alterations of the PG structure or other cell wall defects leading to an impaired cell 

wall integrity could affect the growth of bacteria in environments with high osmolalities, e.g. in 

the presence of high salt or sugar concentrations. Next, we compared the growth of the wildtype, 

the eslB mutant and complementation strains at 37°C in different media. No growth difference 

could be observed between the strains tested, when grown in BHI medium (Fig. 4A and S1B). 

However, the eslB deletion strain grew slower in BHI medium containing 0.5 M sucrose as 

compared to the wildtype and the eslB complementation strain (Fig. 4B and S1C). A similar growth 

phenotype could be observed when the strains were grown in BHI medium containing either 0.5 

M fructose, glucose, maltose or galactose (Fig. S2). In contrast, the presence of 0.5 M NaCl did not 

affect the growth of the eslB deletion strain (Fig. 4C). These results suggest that the observed 

growth defect seen for the eslB mutant is not solely caused by the increase in external osmolality, 

but rather seems to be specific to the presence of high concentrations of sugars.  

 

 

Figure 4 | Addition of sucrose but not NaCl negatively impacts the growth of the L. monocytogenes eslB 

mutant strain. (A-C). Bacterial growth curves. L. monocytogenes strains 10403S (wt), 10403SeslB(1) and 

10403SeslB(1) compl. were grown in (A) BHI broth, (B) BHI broth containing 0.5 M sucrose or (C) BHI broth 

containing 0.5 M NaCl. Strain 10403SeslB(1) compl. was grown in the presence of 1 mM IPTG. OD600 
readings were determined at hourly intervals and the average values and standard deviations from three 
independent experiments calculated and plotted. 
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Deletion of eslB results in increased endogenous and lysozyme-induced lysis. 

The observed lysozyme sensitivity and the growth defect of the eslB deletion strain in media 

containing high concentrations of sucrose raised the question, whether the absence of EslB might 

also cause an impaired cell wall integrity and an increased autolysis due to this impairment. To 

test this, autolysis assays were performed. To this end, the L. monocytogenes wildtype strain 

10403S, the eslB deletion and complementation strains were grown in BHI medium and 

subsequently transferred in a Tris-HCl buffer (pH 8). After 2 h incubation at 37°C, the OD600 of the 

suspensions of the wildtype and eslB complementation strain had dropped to 89.91.6% and 

86.52.9% of the initial OD600, respectively (Fig. 5A). Enhanced endogenous cell lysis was observed 

for the eslB mutant strain and the OD600 of the suspensions dropped to 68.81.7% within 2 h (Fig. 

5A). The addition of penicillin had no impact on the cell lysis of any of the strains tested (Fig. 5B). 

On the other hand, the addition of 2.5 µg/ml lysozyme increased the rate of cell lysis of all strains, 

but had a particularly drastic effect on the eslB mutant. After 30 min, the OD600 reading of a 

suspension of the eslB deletion strain had dropped to 50.310.2%. For the wildtype and eslB 

complementation strains, it took 90 min to see a 50% reduction in the OD600 readings (Fig. 5C).  

Next, we wanted to determine what impact the growth in the presence of high levels of 

sucrose has on endogenous bacterial autolysis rates. To this end, the wildtype 10403S, eslB 

mutant and complementation strains were grown in BHI medium supplemented with 0.5 M 

sucrose, cell suspensions prepared in Tris-buffer and used in autolysis assays. While the wildtype 

and complementation strain showed similar autolysis rates following growth in BHI sucrose 

medium (Fig. 5D) as after growth in BHI medium (Fig 5A), the eslB mutant lysed rapidly following 

growth in BHI 0.5 M sucrose medium (Fig. 5E). The lysis of the eslB mutant strain could be further 

enhanced by the addition of 25 µg/ml penicillin, a concentration which only acts bacteriostatic on 

the wildtype L. monocytogenes strain 10403S (Fig. 5E).  
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Figure 5 | An L. monocytogenes eslB deletion strain shows increased endogenous and lysozyme-induced 

autolysis. Autolysis assays were performed with L. monocytogenes strains 10403S (wt), 10403SeslB(1) and 

10403SeslB(1) compl.. Bacteria were grown for 4 h in (A-C) BHI medium or (D-E) in BHI medium containing 

0.5 M sucrose (containing 1 mM IPTG for 10403SeslB(1) compl.) and subsequently bacterial suspensions 
prepared in (A, D) 50 mM Tris HCl pH 8, (B, E) 50 mM Tris HCl pH 8 containing 25 µg/ml penicillin, or (C) 2.5 
µg/ml lysozyme. Cell lysis was followed by taking OD600 readings every 15 min. The initial OD600 reading for 
each bacterial suspension was set to 100% and subsequent readings are shown as % of the initial OD600 
reading. The average % OD600 values and standard deviations were calculated from three independent 
experiments and plotted.  

 

These findings indicate that the eslB mutant is sensitive to osmotic downshifts and we thus 

wondered whether in addition to the changes in the PG modifications and crosslinking, more 

general differences in the ultrastructure of the cell wall might be observed. To test this, cells of L. 

monocytogenes strains 10403S, 10403SeslB(2) and 10403SeslB(2) compl. were subjected to 

transmission electron microscopy. The eslB deletion strain produces a thinner PG layer of 15.81.9 

nm, when grown in BHI broth as compared to the wildtype (203.4 nm) and the complementation 

strain (204.3 nm, Fig. 6A-B). This phenotype was even more pronounced when the strains were 

grown in BHI broth containing 0.5 M sucrose. The PG layer of the eslB mutant had a thickness of 

152 nm, while wildtype and the complementation strain produced a PG layer of 21.43.1 and 

23.32.8 nm, respectively (Fig. 6A-B). We hypothesize that the enhanced endogenous lysis as well 

as the lysozyme sensitivity of the eslB mutant is likely caused by a thinner PG layer combined with 

the observed alterations in PG structure such as reduced O-acetylation. 
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Figure 6 | The L. monocytogenes eslB mutant produces a thinner cell wall, has a cell division defect and 
bacteria have an increased cell length. (A) Transmission electron microscopy images. Ultrathin-sectioned 

cells of L. monocytogenes strains 10403S (wt), 10403SeslB(2) and 10403SeslB(2) compl. were subjected to 
transmission electron microscopy after growth in BHI broth (upper panel) or BHI broth containing 0.5 M 
sucrose (lower panel). Scale bar is 50 nm. Representative images from two independent experiments are 
shown. (B) Cell wall thickness. Per growth condition, cell wall thickness of 40 cells was measured at three 
different locations and the average values plotted. For statistical analysis, a two-way ANOVA followed by a 
Dunnett’s multiple comparisons test was used (** p≤0.01, **** p≤0.0001). (C) Microscopy images of L. 

monocytogenes strains 10403S (wt), 10403SeslB(2) and 10403SeslB(2) compl.. Bacterial membranes were 
stained with nile red and cells analyzed by phase contrast and fluorescence microscopy. Scale bar is 2 µm. 
Representative images from three independent experiments are shown. (D) Cell length of L. monocytogenes 

strains 10403S (wt), 10403SeslB(2) and 10403SeslB(2) compl.. The cell length of 300 cells per strain was 
measured and the median cell length calculated. Three independent experiments were performed, and the 
average values and standard deviation of the median cell length plotted. For statistical analysis, a one-way 
ANOVA analysis followed by a Dunnett’s multiple comparisons test was used (*** p≤0.001). (E) Localization 

of mNeonGreen-ZapA in L. monocytogenes strains 10403S (wt) and 10403SeslB(2). Bacterial membranes 
were stained with nile red and cells analyzed by phase contrast (left panel) and fluorescence microscopy to 
detect mNeonGreen (middle panel) and nile red fluorescence signals (right panel). White arrows highlight 
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ZapA foci in cells of the L. monocytogenes eslB mutant. Scale bar is 2 µm. Representative images from three 
independent experiments are shown. 
 

The eslB deletion strain is impaired in cell division, but not in virulence. 

The increased endogenous autolysis together with the observed changes in the PG structure of 

the eslB deletion strain could result in an increased sensitivity to autolysins. The major autolysins 

of L. monocytogenes are p60 and NamA, which hydrolyze PG and are required for daughter cell 

separation during cell division (43, 44). Absence of either p60 or NamA results in the formation of 

chains (43, 44). We thus wondered whether deletion of eslB causes changes in the cell morphology 

of L. monocytogenes. Microscopic analysis revealed that cells lacking EslB are significantly longer 

with a median cell length of 3.260.25 µm as compared to the L. monocytogenes wildtype strain, 

which produced cells with a length of 1.850.08 µm (Fig. 6C-D), highlighting that the absence of 

EslB results in a cell division defect. To test whether the assembly of the early divisome is affected 

by the absence of EslB, we compared the localization of the early cell division protein ZapA in the 

wildtype and the eslB mutant background. In L. monocytogenes wildtype cells, a signal was 

observed at midcell for cells, which have initiated the division process (Fig. 6E). While short cells 

of the eslB mutant also only possess a single fluorescent signal, several ZapA fluorescence foci 

could be observed in elongated cells (Fig. 6E), suggesting that early cell division proteins can still 

localize in the eslB mutant and that a process downstream seems to be perturbed in the absence 

of EslB.  

Next, we wanted to assess whether the impaired cell integrity and the observed cell 

division defect would also affect the virulence of the L. monocytogenes eslB mutant. Of note, in a 

previous study, it was shown that deletion of eslA, coding for the ATP-binding protein component 

of the ABC transporter, has no effect on the cell-to-cell spread of L. monocytogenes (19). To 

determine whether EslB is involved in the virulence of L. monocytogenes, primary mouse 

macrophages were infected with wildtype 10403S, the eslB mutant 10403SeslB(2) and 

complementation strain 10403SeslB(2) compl.. All three strains showed a comparable 

intracellular growth pattern (Fig. 7A), suggesting that EslB does not impact the ability of L. 

monocytogenes to grow in primary mouse macrophages. Next, we assessed the ability of the eslB 

deletion strains to kill Drosophila melanogaster as lysozyme is one important component of its 

innate immune response (45). All uninfected flies (U/C) and 96.6% of the flies that were injected 

with PBS survived the duration of the experiment (Fig. 7B). No statistically significant difference 

could be observed for the survival and bacterial load of flies infected with the different L. 

monocytogenes strains (Fig. 7B-C). These results indicate that, while EslB does not impact the 

ability of L. monocytogenes to infect and kill mammalian macrophages or Drosophila 
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melanogaster, it nonetheless impacts the cell division and cell wall integrity of L. monocytogenes 

and consistent with this we have identified changes in the composition and thickness of the 

peptidoglycan layer.  

 

 

Figure 7 | Impact of the deletion of eslB on the virulence of L. monocytogenes. (A) Intracellular growth of 

L. monocytogenes strains 10403S (wt), 10403SeslB(2) and 10403SeslB(2) compl. in mouse bone marrow-
derived macrophages (BMMs). The infection assay was performed as described in the methods section. The 
average CFU count/ml and standard deviations from three independent experiments were calculated and 
plotted. (B) Survival curve of flies infected with L. monocytogenes. Flies were infected with L. 



Chapter 3 | Role of EslB in cell wall biosynthesis and lysozyme resistance 

 
|57 

 

monocytogenes strains 10403S (wt), 10403SeslB(1), 10403SeslB(2) and 10403SeslB(2) compl.. Uninjected 
control flies (U/C) and flies injected with PBS were used as controls. Fly death was monitored daily. For 
statistical analysis, a one-way ANOVA followed by a Dunnett’s multiple comparisons test was used (*** 
p≤0.001, **** p≤0.0001). (C) Bacterial quantification. 16 flies infected with the indicated L. monocytogenes 
strain were collected 24 and 48 h post infection and bacterial load (CFU) determined as described in the 
methods section. For statistical analysis, a nested one-way ANOVA followed by a Dunnett’s multiple 
comparisons test was used. The observed differences were not statistically significant. 
 

Discussion 

Over the past years, several determinants contributing to the intrinsic lysozyme resistance of 

L. monocytogenes have been described (9, 10, 18, 19). One of these is a predicted ABC transporter 

encoded as part of the eslABCR operon (18, 19). In this study, we aimed to further investigate the 

role of the ABC transporter EslABC in lysozyme resistance of L. monocytogenes. Using bacterial 

two hybrid assays, we could show that EslB and EslC interact with each other and hence it is 

tempting to speculate that the transmembrane component of the ABC transporter consists of a 

heterodimer of EslB and EslC. However, analysis of different deletion mutants revealed that only 

EslA and EslB are required for lysozyme resistance of L. monocytogenes, suggesting that EslC is not 

required for the function of the ABC transporter under our assay conditions. Surprisingly, we did 

not observe an interaction between EslA and EslB using bacterial two hybrid assays, thus, further 

experiments are required to determine the composition of the ABC transporter and its interaction 

partners. 

Next, we analyzed the PG structure of the eslB deletion strain and found that the PG 

isolated from the eslB mutant was slightly more crosslinked and also the fraction of deacetylated 

GlcNAc residues was slightly increased as compared to the PG isolated from the wildtype strain 

10403S. Deacetylation of GlcNAc residues in PG is achieved by the N-deacetylase PgdA and has 

been shown to lead to increased lysozyme resistance (9). Since we saw a slight increase in the 

deacetylation of GlcNAc residues in the eslB mutant strain, our results indicate that the lysozyme 

sensitivity phenotype of the eslB deletion strain is independent of PgdA and that this enzyme 

functions properly in the mutant strain. A second enzyme required for lysozyme resistance in 

L. monocytogenes is OatA, which transfers O-acetyl groups to MurNAc (10, 46, 47). Using a 

colorimetric O-acetylation assay, we were able to show that PG isolated from the eslB mutant is 

less O-acetylated. In addition, transmission electron microscopy revealed that the eslB mutant 

produces a thinner PG layer and we assume that this and the reduction in O-acetylation contribute 

to the lysozyme sensitivity of strain 10403SeslB.  

Growth comparisons in different media revealed that the absence of EslB results in a 

reduced growth in BHI broth containing high concentrations of mono- or disaccharides. One could 

speculate that the EslABC transporter might be a sugar transporter with a broad sugar spectrum. 
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However, we could not identify a potential substrate binding protein encoded in the esl operon, 

which is important for substrate recognition and delivery to ABC importers. EslABC could also be 

involved in the export of PG components and thus affecting cell wall biosynthesis in 

L. monocytogenes. Indeed, we could show that the eslB mutant produces a thinner PG layer as 

compared to the wildtype strain, suggesting that EslABC affects PG biosynthesis. Future studies 

will aim to determine how the ABC transporter EslABC influences the biosynthesis and subsequent 

modification of PG in L. monocytogenes. 

Absence of EslB leads to the formation of elongated cells, however, it is currently not clear 

how the function of EslABC is linked to cell division of L. monocytogenes. It seems unlikely that the 

activity or levels of the autolysins p60 and NamA are affected by the absence of EslB. While iap 

and namA mutants also form chains of cells, the cell length of individual cells is still similar to wild-

type cells, however the bacteria are just unable to separate (43, 44, 48). This is in contrast to the 

eslB mutant, in which the cell length of individual cells is increased suggesting that cell division is 

blocked at an earlier step. In elongated cells of the eslB mutant, we could observe several ZapA 

foci, suggesting that really early cell division proteins can still be recruited in this strain. Thus, a 

process downstream of ZapA localization but before the construction of the actual cell septum is 

perturbed in the absence of EslB. EslABC could potentially affect the activity of cell division 

proteins or the localization of late cell division-specific proteins. Hence, deletion of eslB could lead 

to a delayed assembly of an active divisome, which could lead to an altered PG biosynthesis at the 

division site and an impaired cell integrity. Indeed, cells of the eslB mutant lysed more rapidly as 

compared to the L. monocytogenes wildtype strain 10403S when shifted from BHI broth to Tris-

buffer. The autolysis of cells lacking EslB was strongly induced following growth in BHI 

supplemented with 0.5 M sucrose prior to the incubation in Tris-buffer. These results indicate that 

the eslB mutant is sensitive to an osmotic downshift and we hypothesize that this is due to the 

production of a thinner PG layer and a resulting impaired cell integrity.  

 Reduced lysozyme resistance is often associated with reduced virulence. An E. faecalis 

strain with a deletion in the gene coding for the peptidoglycan deacetylase PgdA, showed a 

reduced ability to kill Galleria mellonella (11). Similarly, a S. pneumoniae pgdA mutant showed a 

decreased virulence in a mouse model of infection (13). In our study, we found that inactivation 

of EslB does not affect the intracellular growth of L. monocytogenes in primary mouse 

macrophages or the ability to kill Drosophila melanogaster. These observations are consistent 

with a previous report that another component of the EslABC transporter, EslA, is dispensable for 

the ability of L. monocytogenes to spread from cell to cell (19). Previously, it was also shown that 

combined inactivation of PgdA and OatA reduced the ability of L. monocytogenes to grow in bone-
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marrow derived macrophages, whereas inactivation of PgdA alone had no impact on the virulence 

of L. monocytogenes (46). We therefore reason that the changes in PG structure and associated 

reduction in lysozyme resistance caused by deletion of eslB are not sufficient to affect the ability 

of L. monocytogenes to grow and survive in primary macrophages and flies. 

Taken together, we could show that EslB is not only important for the resistance towards 

lysozyme, its absence also affects the autolysis, cell division and the ability of L. monocytogenes 

to grow in media containing high concentrations of sugars. Our results indicate that the ABC 

transporter EslABC has a direct or indirect impact on peptidoglycan biosynthesis and maintenance 

of cell integrity in L. monocytogenes. 

 

Data availability 

The Illumina reads for the L. monocytogenes strains 10403SeslB(1), 10403SeslB(2), 

10403SeslB(1) compl. and 10403SeslB(2) compl. were deposited in the European Nucleotide 

Archive under the accession number PRJEB40123. 
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Abstract:  

Bacillus subtilis develops genetic competence for the uptake of foreign DNA when cells enter 

stationary phase and a high cell density is reached. These signals are integrated by the 

competence transcription factor ComK, which is subject to transcriptional, post-transcriptional 

and post-translational regulation. Many proteins are involved in the development of competence, 

both to control ComK activity and to mediate DNA uptake. However, for many proteins, the 

precise function they play in competence development is unknown. In this study, we assessed 

whether proteins required for genetic transformation play a role in the activation of ComK or 

rather act downstream of competence gene expression. While these possibilities could be 

distinguished for most of the tested factors, we assume that two proteins, PNPase and the 

transcription factor YtrA, are required both for full ComK activity and for the downstream 

processes of DNA uptake and integration. Further analyses of the role of the transcription factor 

YtrA for the competence development revealed that the overexpression of the YtrBCDEF ABC 

transporter in the ytrA mutant causes the loss of genetic competence. Moreover, overexpression 

of this ABC transporter also affects biofilm formation. Since the ytrGABCDEF operon is naturally 

induced by cell wall-targeting antibiotics, we tested the cell wall properties upon overexpression 

of the ABC transporter and observed an increased thickness of the cell wall. The composition and 

properties of the cell wall are important for competence development and biofilm formation, 

suggesting that the observed phenotypes are the result of the increased cell wall thickness as an 

outcome of YtrBCDEF overexpression. 
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Introduction  

The gram-positive model bacterium Bacillus subtilis has evolved many different ways to survive 

harsh environmental conditions, i. e. it can form highly resistant spores, secrete toxins to kill and 

cannibalize neighboring cells, form resistant macroscopic biofilms or become competent for 

transformation (reviewed in (López and Kolter, 2010)).  

Development of genetic competence is a strategy, which allows bacterial cells to take up 

foreign DNA from the environment in order to increase the genetic variability of the population. 

Competence is developed during the transition from exponential to stationary phase of growth as 

a response to increased cell density and nutrient limitation. In B. subtilis, genetic competence is 

developed in a bistable manner, meaning that only about 10-20% of the cells of a population 

change their physiological characteristics and become competent for transformation, leaving the 

rest of the population non-competent (Haijema et al., 2001; Maamar and Dubnau, 2005). Whether 

a specific cell becomes competent or not depends on the level of the master regulator ComK (van 

Sinderen et al., 1995), whose cellular amount is tightly controlled by a complex network of 

regulators acting on the transcriptional, post-transcriptional as well as on post-translational levels 

(for a detailed overview see (Maier, 2020)).  

Transcription of the comK gene is controlled by three repressor proteins, Rok, CodY, and 

AbrB (Serror and Sonenshein, 1996; Hoa et al., 2002; Hamoen et al., 2003), moreover, comK 

transcription is activated by the transcriptional regulator DegU (Hamoen et al., 2000). Another 

important player for regulation of comK expression is Spo0A-P, which controls the levels of the 

AbrB repressor and additionally supports activation of comK expression by antagonizing Rok (Hahn 

et al., 1995; Mirouze et al., 2012). The presence of phosphorylated Spo0A directly links 

competence to other lifestyles, since Spo0A-P is also involved in pathways leading to sporulation 

or biofilm formation (Aguilar et al., 2010). When ComK levels reach a certain threshold, it binds its 

own promoter region to further increase its own expression, thereby creating a positive feedback 

loop, which leads to full activation of competence (Maamar and Dubnau, 2005; Smits et al., 2005). 

ComK levels are also controlled post-transcriptionally by the Kre protein, which 

destabilizes the comK mRNA (Gamba et al., 2015). Post-translational regulation is achieved 

through the adapter protein MecA, which sequesters ComK and directs it towards degradation by 

the ClpCP protease (Turgay et al., 1998). During competence, this degradation is prevented by a 

small protein, ComS that is expressed in response to quorum sensing (Nakano et al., 1991).  

ComK activates expression of more than 100 genes (Berka et al., 2002; Hamoen et al., 

2002; Ogura et al., 2002; Boonstra et al., 2020). Whereas a clear role in competence development 

has been assigned to many of the ComK regulon members, the roles of some ComK-dependent 
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genes remain unclear. Similarly, many single deletion mutant strains were identified as 

competence deficient, for which the reasons for this deficiency are known. However, there are 

still many single deletion mutants, in which the reason for the loss of competence remains 

unknown. Typical examples for this are mutants lacking various RNases, namely RNase Y, RNase J 

or PNPase (Luttinger et al., 1996; Figaro et al., 2013). Recently, a library of B. subtilis single gene 

deletion mutants was screened for various phenotypes, including competence development (Koo 

et al., 2017). This screen revealed 21 mutants with completely abolished competence. Out of 

those, 16 are known to be involved in the control of the ComK master regulator, DNA uptake or 

genetic recombination. However, in case of the other 5 competence-deficient strains the logical 

link to competence remains elusive. 

Here, we have focused on some of these factors to investigate their role in genetic 

competence in more detail. We took advantage of the fact that artificial overexpression of ComK 

and ComS significantly increases transformation efficiency independently of traditional ComK and 

ComS regulation (Rahmer et al., 2015). This enables the identification of genes that are involved 

in competence development due to a function in comK expression or for other specific reasons 

downstream of ComK activity. We identified the YtrBCDEF ABC transporter, which is encoded in 

the ytrGABCDEF operon as an important player for B. subtilis differentiation, since its 

overexpression does not only result in a complete loss of competence by a so far unknown 

mechanism, it also affects the proper development of other lifestyles of B. subtilis. We hypothesize 

that the production of a thicker cell wall upon overexpression of the proteins encoded by the 

ytrGABCDEF operon is likely the cause of the observed competence and biofilm defects. 

 

Materials and Methods 

Bacterial strains and growth conditions.   

B. subtilis strains used in this study are listed in Table 1. Lysogeny broth (LB) (Sambrook et al., 

1989) was used to grow Escherichia coli and B. subtilis, unless otherwise stated. When required, 

media were supplemented with antibiotics at the following concentrations: ampicillin 100 µg ml-1 

(for E. coli) and chloramphenicol 5 µg ml-1, kanamycin 10 µg ml-1, spectinomycin 250 µg ml-1, 

tetracycline 12.5 µg ml-1, and erythromycin 2 µg ml-1 plus lincomycin 25 µg ml-1 (for B. subtilis). For 

agar plates, 15 g l-1 Bacto agar (Difco) was added.  
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Table 1 | B. subtilis strains used in this study.  

Strain   Genotype Sourcea 

168 trpC2 Laboratory collection 

BKE30420 trpC2 ∆ytrE::ermC (Koo et al., 2017) 

BKE30430 trpC2 ∆ytrD::ermC (Koo et al., 2017) 

BKE30440 trpC2 ∆ytrC::ermC (Koo et al., 2017) 

BKE30450 trpC2 ∆ytrB::ermC (Koo et al., 2017) 

PG389 amyE::PcomG-lacZ-gfp-cat (Gamba et al., 2015) 

PG10b 
yvcA::(PmtlA-comKS) (Reuß et al., 2017) 

DK1042 comIQ12L  (Konkol et al., 2013) 

CCB434 ∆rnjA::spc (Figaro et al., 2013) 

CCB441 ∆rny::spc (Figaro et al., 2013) 

GP811 
trpC2 ∆gudB::cat rocG::Tn10 spc amyE::(gltA-lacZ 

aphA3) ∆ansR::tet 

(Flórez et al., 2011) 

GP1152 trpC2 ∆ansR::tetR GP811→ 168 

GP1748 
trpC2 ∆pnpA::aphA3 

(Cascante-Estepa et al., 

2016) 

GP2155 trpC2 ∆nrnA::aphA3 See Materials & Methods 

GP2501 trpC2 ∆rny::spc CCB441 → 168 

GP2506 trpC2 ∆rnjA::spc CCB434 → 168 

GP2559 comIQ12L ∆ymdB::cat (Kampf et al., 2018) 

GP2612 trpC2 ∆greA::aphA3 See Materials & Methods 

GP2618 trpC2 yvcA-PmtlA-comKS-ermC-hisI See Materials & Methods 

GP2620 trpC2 yvcA-PmtlA-comKS-cat-hisI See Materials & Methods 

GP2621 trpC2 yvcA-PmtlA-comKS-ermC-hisI ∆pnpA::aphA3 GP1748 → GP2618 

GP2624 trpC2 yvcA-PmtlA-comKS-ermC-hisI ∆rny::spc GP2501 → GP2618 
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GP2626 trpC2 yvcA-PmtlA-comKS-ermC-hisI ∆rnjA::spc GP2506 → GP2618 

GP2630 trpC amyE::PcomG-lacZ-gfp-cat PG389 → 168 

GP2640 trpC2 ∆ftsH::aphA3 See Materials & Methods 

GP2641 trpC2 ∆ytrA::spc See Materials & Methods 

GP2643 trpC2 ∆comEC::spc See Materials & Methods 

GP2644 trpC2 ∆degU::aphA3 See Materials & Methods 

GP2646 trpC2 ∆ytrGABCDEF::ermC See Materials & Methods 

GP2647 trpC2 ∆ytrA::ermC See Materials & Methods 

GP2652 trpC2 yvcA-PmtlA-comKS-cat-hisI ∆ftsH::aphA3 GP2640 → GP2620 

GP2653 trpC2 yvcA-PmtlA-comKS-cat-hisI ∆nrnA::aphA3 GP2155 → GP2620 

GP2654 trpC2 yvcA-PmtlA-comKS-cat-hisI ∆greA::aphA3 GP2612 → GP2620 

GP2655 trpC2 yvcA-PmtlA-comKS-cat-hisI ∆ytrA::spc GP2641 → GP2620 

GP2659 trpC2 yvcA-PmtlA-comKS-cat-hisI ∆comEC::spc GP2643 → GP2620 

GP2660 trpC2 yvcA-PmtlA-comKS-cat-hisI ∆degU::aphA3 GP2644 → GP2620 

GP2664 trpC2 amyE::PcomG-lacZ-gfp ∆ftsH::aphA3 GP2640 → GP2630 

GP2665 trpC2 amyE::PcomG-lacZ-gfp ∆nrnA::aphA3 GP2155 → GP2630 

GP2666 trpC2 amyE::PcomG-lacZ-gfp ∆greA::aphA3 GP2612 → GP2630 

GP2667 trpC2 amyE::PcomG-lacZ-gfp ∆ytrA::spc GP2641 → GP2630 

GP2671 trpC2 amyE::PcomG-lacZ-gfp ∆comEC::spc GP2643 → GP2630 

GP2672 trpC2 amyE::PcomG-lacZ-gfp ∆degU::aphA3 GP2644 → GP2630 

GP2700 trpC2 ∆ytrF::cat See Materials & Methods 

GP3186 trpC2 ∆ytrGABCDE::ermC See Materials & Methods 

GP3187 trpC2 ∆ytrF::cat ∆ytrA::ermC GP2647 → GP2700 

GP3188 trpC2 ∆ytrB pDR244 → BKE30450 

GP3189 trpC2 ∆ytrC pDR244 → BKE30440 
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GP3190 trpC2 ∆ytrD pDR244 → BKE30430 

GP3191 trpC2 ∆ytrE pDR244 → BKE30420 

GP3193 trpC2 ∆ytrA::ermC ∆ytrB See Materials & Methods 

GP3194 trpC2 ∆ytrA::ermC ∆ytrC See Materials & Methods 

GP3195 trpC2 ∆ytrA::ermC ∆ytrD GP2647 → GP3190 

GP3196 trpC2 ∆ytrA::ermC ∆ytrE See Materials & Methods 

GP3197 trpC2 ganA::PxylA-ytrF-aphA3 pGP2184 → 168 

GP3200 trpC2 amyE::PcomG-lacZ-gfp-cat ytrGABCDEF::ermC GP2646 → GP2630 

GP3205 trpC2 ∆ytrCD::cat See Materials & Methods 

GP3206 trpC2 ∆ytrA::ermC ∆ytrB ∆ytrE See Materials & Methods 

GP3207 comIQ12L ∆ytrGABCDEF::ermC GP2646 → DK1042 

GP3212 comIQ12L ∆ytrA::spc GP2641 → DK1042 

BLMS2 trpC2 ∆ytrCD See Materials & Methods 

BLMS3 trpC2 ∆ytrA::erm ∆ytrCD See Materials & Methods 

a Arrows indicate construction by transformation. 

b This genome-reduced strain (see (Reuß et al., 2017) for details) was used to amplify the PmtlA-

comKS cassette. 

 

DNA manipulation and strain construction  

S7 Fusion DNA polymerase (Mobidiag, Espoo, Finland) was used as recommended by the 

manufacturer. DNA fragments were purified using the QIAquick PCR Purification Kit (Qiagen, 

Hilden, Germany). DNA sequences were determined by the dideoxy chain termination method 

(Sambrook et al., 1989). Chromosomal DNA from B. subtilis was isolated using the peqGOLD 

Bacterial DNA Kit (Peqlab, Erlangen, Germany) and plasmids were purified from E. coli using the 

NucleoSpin Plasmid Kit (Macherey-Nagel, Düren, Germany). Oligonucleotides used in this study 

are listed in Table S1. Deletion of the degU, comEC, ftsH, greA, ytrA, nrnA, and ytrF genes as well 

as ytrG-ytrE, and ytrGABCDEF regions was achieved by transformation with PCR products 

containing an antibiotic resistance cassette flanked by up- and downstream fragments of the 

target genes as described previously (Youngman, 1990; Guérout-Fleury et al., 1995; Wach, 1996). 
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The identity of the modified genomic regions was verified by DNA sequencing. To construct strains 

GP2618 and GP2620 harbouring the PmtlA-comKS cassette coupled to the antibiotic resistance 

gene, we first amplified PmtlA-comKS from strain PG10 (Reuß et al., 2017) as well as the resistance 

genes from pDG646 and pGEM-cat, respectively (Youngman, 1990; Guérout-Fleury et al., 1995) 

and the genes flanking the intended integration site, i. e. yvcA and hisI from B. subtilis 168. 

Subsequently, those DNA fragments were fused in another PCR reaction and the final product was 

used to transform B. subtilis 168. Correct insertion was verified by PCR amplification and 

sequencing. Markerless deletions of ytrB, ytrC, ytrD and ytrE genes were generated using the 

plasmid pDR244 as previously described (Koo et al., 2017). In short, strains BKE30450, BKE30440, 

BKE30430 and BKE30420 were transformed with plasmid pDR244 and transformants were 

selected on LB agar plates supplemented with spectinomycin at 30°C. Transformants were then 

streaked on plain LB agar plates and incubated at 42°C to cure the plasmid, which contains a 

thermo-sensitive origin of replication. Single colonies were screened for spectinomycin and 

erythromycin/lincomycin sensitivity. The markerless deletion of ytrCD was achieved using the cre-

lox system. First, Lox71 and Lox66 sites were attached to the kanamycin resistance gene using 

primers CZ168/169. The resulting PCR product was cut with EcoRI and XbaI and ligated with 

plasmid pBluescript II that had been cut with the same enzymes, yielding plasmid pGP2514. The 

kanamycin resistance cassette flanked by Lox71 and Lox66 sites was subsequently amplified from 

pGP2514 using primers CZ200/201. Next, 800 bp up- and downstream of ytrCD were amplified 

using primers MB198/LMS262 and MB201/LMS260, respectively. Primers LMS262 and LMS260 

contained overhangs complementary to primers CZ200/201. The three fragments were 

subsequently fused using primers MB198/MB201, the resulting PCR product transformed into the 

B. subtilis wildtype strain 168 and transformants selected on SP medium containing kanamycin. 

The strain was cured from the kanamycin resistance cassette using plasmid pDR244 as described 

above, resulting in the construction of strain BLMS2. Markerless deletion was confirmed by PCR 

with primers flanking the deletion site. The resulting strains GP3188, GP3189, GP3190, GP3191 

and BLMS2 were used for subsequent deletion of the ytrA gene. For the construction of GP3193, 

GP3194 and GP3196, the ytrA deletion cassette was amplified using primers MB66/69 and 

genomic DNA of strains GP3188, GP3189 and GP3191, respectively, as template. For the 

construction of BLMS3, the ΔytrA::erm region was amplified using primers MB173/70 and 

genomic DNA of strain GP2647. The corresponding ytrA deletion cassettes were subsequently 

transformed into GP3188, GP3189, GP3191 and BLMS2. Strain GP3195 was constructed by 

transformation with genomic DNA of the ytrA deletion strain. Deletion of the ytrA gene and 

preservation of selected markerless deletions were confirmed via PCR. To construct GP3206, the 
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ytrA::erm ytrB region of strain GP3193 was amplified using primers MB66 and MB180 and 

transformed into GP3191.  

 

Transformation of B. subtilis strains. 

Transformation experiments were conducted based on the two-step protocol as described 

previously (Kunst and Rapoport, 1995). Briefly, cells were grown at 37°C at 200 rpm in 10 ml MNGE 

medium containing 2% glucose, 0.2% potassium glutamate, 100 mM potassium phosphate buffer 

(pH 7), 3.4 mM trisodiumcitrate, 3 mM MgSO4, 42 µM ferric ammonium citrate, 0.24 mM L-

tryptophan and 0.1% casein hydrolysate. During the transition from exponential to stationary 

phase, the culture was diluted with another 10 ml of MNGE medium (without casein hydrolysate) 

and incubated for 1 h at 37°C with shaking. For transformation experiments with strain GP3197, 

0.5% xylose was added to both media. Afterwards, 250 ng of chromosomal DNA was added to 400 

µl of cells and incubated for 30 minutes at 37°C. One hundred microliter of Expression mix (2.5% 

yeast extract, 2.5% casein hydrolysate, 1.22 mM tryptophan) was added and cells were grown for 

1h at 37°C, before spreading onto selective LB plates containing appropriate antibiotics.  

Transformation of strains harboring PmtlA-comKS, in which the expression of comK and 

comS is induced in the presence of mannitol, was performed as previously described (Rahmer et 

al., 2015). Briefly, an overnight culture was diluted in 5 ml LB to an initial OD600 of 0.1 and 

incubated at 37°C and 200 rpm. After 90 minutes of incubation, 5 ml of fresh LB containing 1% 

mannitol and 5 mM MgCl2 were added and the bacterial culture was incubated for an additional 

90 minutes. Cells were then pelleted by centrifugation for 10 minutes at 2,000 x g and the pellet 

was re-suspended in the same amount of fresh LB medium. 1 ml aliquots were distributed into 1.5 

ml reaction tubes and 250 ng of chromosomal DNA was added to each of them. The cell 

suspension was incubated for 1 h at 37°C and transformants were selected on LB plates as 

described above. 

 

Plasmid construction.  

All plasmids used in this study are listed in Table 2. E. coli DH5 (Sambrook et al., 1989) was used 

for plasmid constructions and transformation using standard techniques (Sambrook et al., 1989). 

To overproduce the YtrF protein, the ytrF gene was placed under the control of a xylose inducible 

promotor. For this purpose, we cloned the ytrF gene into the backbone of pGP888 via the XbaI 

and KpnI sites (Diethmaier et al., 2011). 
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Table 2 | Plasmids used in this study.  

Plasmid  Relevant Characteristics Primers Reference 

pDR244 cre + Ts origin - (Koo et al., 2017) 

pGEM-cat Amplification of the cat cassette - (Youngman, 1990) 

pDG646 Amplification of the ermC cassette - (Guérout-Fleury et al., 1995) 

pDG780 Amplification of the aphA3 

cassette 

- (Guérout-Fleury et al., 1995) 

pDG1726 Amplification of the spc cassette - (Guérout-Fleury et al., 1995) 

pGP888 ganA::PxylA; aphA3 - (Diethmaier et al., 2011) 

pGP2184 pGP888-ytrF MB186/MB187  This study 

pGP2514 Amplification of aphA3-lox for the 

cre-lox system 

CZ200/CZ201 This study 

 

Quantitative real-time PCR (qRT-PCR) 

For the isolation of RNA, a single colony was used to inoculate 4 ml LB medium containing the 

appropriate antibiotics. The cells were grown over the day at 37°C with agitation and used to 

inoculate 10 ml MNGE defined medium and incubated overnight. The next day, 100 ml MNGE 

medium were inoculated to an OD600 of 0.1 and the cells were incubated at 37°C until they reached 

an OD600 of 1.0. 25 ml of each culture were mixed with 15 ml frozen killing buffer (20 mM Tris, pH 

7.5, 5 mM MgCl2, 20 mM NaN3), followed by a 5-min centrifugation step at 8000 rpm and 4°C. 

Pellets were snap-frozen in liquid nitrogen and stored at -80°C. Disruption of cells and isolation of 

RNA was carried out as previously described (Meinken et al., 2003). 5 µg isolated RNA were 

digested with 5 µl DNase I (1 U/µl, Thermo Scientific) for 40 min at 37°C. The reaction was stopped 

by adding 2.5 µl 25 mM EDTA and incubating the samples at 65°C for 10 min. To verify that the 

isolated RNA is free of DNA, a check PCR was performed using primers KG44/KG45. Genomic DNA 

from B. subtilis 168 was used as control.  

 qRT-PCR was carried out using the One-Step reverse transcription PCR kit, the Bio-Rad 

iCycler and the Bio-Rad iQ5 software (Bio-Rad, Munich, Germany). Three technical and three 

biological repeats were performed. Primers KG44/45 and KG42/43 were used to determine 

transcript amounts of the ribosomal genes rpsE and rpsJ, respectively, which were used as internal 

controls. Transcript amounts for ytrE and ytrF were monitored using primers MB219/220 and 
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MB224/225, respectively. The average of the cycle threshold (CT) values of rpsE and rpsJ were used 

to normalize the CT-values obtained for ytrE and ytrF. For each strain, the fold changes of ytrE and 

ytrF expression were calculated using the ΔΔCT-method.  

 

Biofilm assay 

To analyse biofilm formation, selected strains were grown in LB medium to an OD600 of about 0.5 

to 0.8 and 10 μl of the culture were spotted onto MSgg agar plates (Branda et al., 2001). Plates 

were incubated for 3 days at 30°C.  

 

Fluorescence microscopy 

For fluorescence microscopy imaging, B. subtilis cultures were grown in 10 ml MNGE medium until 

the transition from exponential to stationary phase and then diluted with another 10 ml of MNGE 

medium as described for the transformation experiments (see section 2.3). 2 ml of the bacterial 

culture were harvested and resuspended in 500 µl PBS. The cell suspension was mixed with 25 µl 

of 100 µg/ml nile red solution to stain the bacterial membranes. 5 μl of cells were pipetted on 

microscope slides coated with a thin layer of 1% agarose and covered with a cover glass. 

Fluorescence images were obtained with the AxioImager M2 fluorescence microscope, equipped 

with the digital camera AxioCam MRm and an EC Plan-NEOFLUAR 100X/1.3 objective (Carl Zeiss, 

Göttingen, Germany). Filter sets 38 (EX BP 470/40, FT 495, EM BP 525/50; Carl Zeiss) and 43 (EX 

BP 545/25, FT 579, EM BP 605/70; Carl Zeiss) were applied for GFP and nile red detection, 

respectively. Images were processed with the AxioVision Rel 4.8 software. Ratio of GFP expressing 

cells to the total number of cells was determined by manual examination from at least six 

independent growth experiments. For each experiment, the ratio of GFP expressing wildtype cells 

was set to 1 and used to calculate the relative GFP fluorescence for each mutant of the same 

experiment. 

 

Transmission electron microscopy 

To examine cell wall thickness of B. subtilis strains, cells were prepared for Transmission Electron 

Microscopy (TEM) as previously described (Rismondo et al., 2021). An overnight culture was 

inoculated to an OD600 of 0.05 in 30 ml MNGE medium and grown to an OD600 of 0.6 ± 0.1 at 37°C 

and 200 rpm. Cells were centrifuged for 10 minutes at 4,000 rpm to obtain a 100 µl cell pellet, 

which was then washed twice in phosphate-buffered saline (PBS, 127 mM NaCl, 2.7 mM KCl, 10 

mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) and fixed overnight in 2.5% (w/v) glutaraldehyde at 4°C. 

Cells were mixed with 1.5% (w/v, final concentration in PBS) molten Bacto-Agar, kept liquid at 
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55°C. After solidification, the resulting agar block was cut into 1 mm3 pieces. A dehydration series 

was performed (15% aqueous ethanol solution for 15 minutes, 30%, 50%, 70% and 95% for 30 

minutes and 100% for 2 x 30 minutes) at 0°C, followed by an incubation step in 66% LR white resin 

mixture (v/v, in ethanol) (Plano, Wetzlar, Germany) for 2 hours at room temperature and 

embedment in 100% LR-White solution overnight at 4°C. One agar piece was transferred to a 

gelatin capsule filled with fresh LR-white resin, which was subsequently polymerized at 55°C for 

24 hours. The gelatin capsule was shaped into a truncated pyramid using a milling tool (TM 60, Fa. 

Reichert & Jung, Vienna, Austria) An ultramicrotome (Reichert Ultracut E, Leica Microsystems, 

Wetzlar, Germany) and a diamond knife (Delaware Diamond Knives, Wilmington, DE, USA) were 

subsequently used to obtain ultrathin sections (80 nm) of the samples. The resulting sections were 

mounted onto mesh specimen grids (Plano, Wetzlar, Germany) and stained with 4% (w/v) uranyl 

acetate solution (pH 7.0) for 10 minutes. Microscopy images were taken on a Jeol JEM 1011 

transmission electron microscope (Jeol Germany GmbH, Munich, Germany) at 80 kV, with a 

magnification of 30,000 and recorded with an Orius SC1000 CCD camera (Gatan Inc., Pleasanton, 

CA, USA). For each replicate, 20 cells were photographed and cell wall thickness was measured at 

three different locations using the software ImageJ (Rueden et al., 2017).  

 

Results 

ComK-dependent and –independent functions of proteins are required for the development of 

genetic competence  

Genetic work with B. subtilis is facilitated by the development of genetic competence, a process 

that depends on a large number of factors. While the specific contribution of many proteins to 

the development of competence is well understood, this requirement has not been studied for 

many other factors. In particular, several RNases (RNase Y, RNase J1 and PNPase) are required for 

competence, and the corresponding mutants have lost the ability to become naturally competent 

(Luttinger et al., 1996; Figaro et al., 2013). We are interested in the reasons for the loss of 

competence in these mutant strains, as well as in other single gene deletion mutants, in which the 

impairment in the development of natural competence is not understood (Koo et al., 2017). 

Therefore, we first tested the roles of the aforementioned RNases (encoded by the rny, rnjA, pnpA, 

and nrnA genes) as well as of the transcription elongation factor GreA, the metalloprotease FtsH 

and the transcription factor YtrA (Koo et al., 2017) for the development of genetic competence. 

For this purpose, we compared the transformation efficiencies of the corresponding mutant 

strains to that of a wild type strain. The comEC and degU mutants, which have completely lost 

their genetic competence for different reasons, were used as controls. The ComEC protein is 
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responsible for the transport of the DNA molecule across the cytoplasmic membrane. Loss of 

ComEC blocks competence, but it should not affect the global regulation of competence 

development and expression of other competence factors (Draskovic and Dubnau, 2005). In 

contrast, DegU is a transcription factor required for the expression of the key regulator of 

competence, ComK, and thus indirectly also for the expression of all other competence genes 

(Hamoen et al., 2000; Shimane and Ogura, 2004). Our analysis confirmed the significant decrease 

in transformation efficiency for all tested strains (see Table 3). For five out of the seven strains, as 

well as the two control strains, competence was abolished completely, whereas transformation 

of strains GP2155 (ΔnrnA) and GP1748 (ΔpnpA) was possible, but severely impaired as compared 

to the wild type strain. These results confirm the implication of these genes in the development 

of genetic competence. 

 

Table 3 | Effect of gene deletions on the development of genetic competence in dependence of the 
competence transcription factor ComKa. 

 Wild type PmtlA-comKS 

Mutant Colonies per µg of DNA 

Wild type 138,600 ± 17,006 47,952 ± 8,854 

ΔdegU 0 ± 0 60,853 ± 13,693 

ΔcomEC 0 ± 0 0 ± 0 

ΔnrnA 1,689 ± 316 34,933 ± 6,378 

ΔftsH 0 ± 0 0 ± 0 

ΔgreA 0 ± 0 0 ± 0 

Δrny 0 ± 0 0 ± 0 

ΔrnjA 0 ± 0 0 ± 0 

ΔpnpA 17 ± 6 293 ± 19 

ΔytrA 0 ± 0 467 ± 278 

a Cells were transformed with chromosomal DNA of strain GP1152 harboring a tetracycline 

resistance marker as described in Material and Methods.  

 

The proteins that are required for genetic competence might play a more general role in the 

control of expression of the competence regulon (as known for the regulators that govern comK 

expression and ComK stability, e. g. the control protein DegU), or they may have a more specific 

role in competence development such as the control protein ComEC. To distinguish between these 

possibilities, we introduced the mutations into a strain that allows for the inducible 

overexpression of the comK and comS genes. The overexpression of comK and comS allows 
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transformation in rich medium and hence facilitates the transformation of some competence 

mutants (Rahmer et al., 2015). For this purpose, we first constructed strains that contain mannitol 

inducible comK and comS genes fused to resistance cassettes (GP2618 and GP2620, for details see 

Materials and Methods). Subsequently, we deleted our target genes in this genetic background 

and assayed transformation efficiency after induction of comKS expression (for details see 

Materials and Methods). In the B. subtilis wild type strain 168, deletion of degU leads to a 

complete loss of competence, while the transformation efficiency of a degU mutant 

overexpressing comKS is comparable to its isogenic wild type strain. This suggests that DegU 

affects competence only by its role in comK expression and that DegU is no longer required in the 

strain with inducible comKS expression. In contrast, the competence of the comEC mutant could 

not be restored by the overexpression of comKS, reflecting the role of the ComEC protein on a 

process downstream of ComK, namely on DNA uptake (see Table 3). Of the tested strains, only the 

nrnA mutant showed a transformation efficiency similar to that of the isogenic control strain with 

inducible comKS expression. This observation suggests that nanoRNase A might be involved in the 

control of comK expression. In contrast, the ftsH, greA, rny and rnjA mutants did not show any 

transformants even upon comKS overexpression, indicating that the corresponding proteins act 

downstream of ComK. Finally, we have observed a small but reproducible improvement of 

competence for the pnpA and ytrA mutants, indicating that PNPase and YtrA might affect comK 

expression. This finding is particularly striking in the case of the ytrA mutant, since this strain did 

not yield a single transformant in the 168 wild type background (see Table 3). However, the low 

number of transformants obtained with pnpA and ytrA mutants as compared to the isogenic wild 

type strain suggests that PNPase and the YtrA transcription factor play also a role downstream of 

ComK. ComK activates transcription of many competence genes including comG (van Sinderen et 

al., 1995). Therefore, as a complementary approach to verify the results shown above, we decided 

to assess ComK activity using a fusion of the comG promoter to a promoterless GFP reporter gene 

(Gamba et al., 2015). For this purpose, we deleted the selected genes in strain GP2630 containing 

the PcomG-gfp construct. We grew the cells in competence inducing medium using the two-step 

protocol as we did in the previous transformation experiment. At the time point when DNA would 

be added to the cells during the transformation procedure, we assessed comG promoter activity 

in the cells using fluorescence microscopy. Since expression of ComK and thus also activation of 

competence takes place only in a subpopulation of cells (Smits et al., 2005), we determined the 

ratio of gfp expressing cells for each mutant strain compared to the wildtype strain as an indication 

of ComK activity (see Fig 1). Since RNase mutants tend to form chains, thus making it difficult to 

study fluorescence in individual cells, we did not include the RNase mutants for this analysis. 
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In the wild type strain GP2630, about 40% of the cells expressed GFP, similar to previously 

published results (She et al., 2020), and slightly higher numbers were obtained for the control 

strain lacking ComEC, which is not impaired in comK and subsequent comG expression. In contrast, 

the control strain lacking DegU showed decreased amount of GFP expressing cells as compared to 

the wild type (Fig 1), which reflects the role of DegU on the activation of comK expression. In 

agreement with our previous finding that nanoRNase A affects comK expression or ComK activity, 

only about 4% of nrnA mutant cells showed expression from PcomG-gfp. Thus, the nanoRNase A 

encoded by nrnA seems to play a role in the regulation of comK expression, which has not been 

described so far. For the strain lacking GreA, we observed similar rates of GFP expressing cells as 

in the wild-type strain, indicating that ComK activation is not the problem, which causes loss of 

competence in the greA mutant. Surprisingly, we did not find any single cell expressing GFP for 

the ftsH mutant, where ComK expression does not seem to be the cause of competence deficiency 

as indicated by the previous transformation experiment. Additionally, we observed significantly 

decreased numbers of GFP producing cells for the ytrA deletion mutant, in which the competence 

deficiency could only be slightly restored by comKS overexpression.  

 

Figure 1 | Effect of gene deletions on the expression of a PcomG-gfp translational fusion as a readout for 

the activity of the competence transcription factor ComK (A) Strains harboring the PcomG-gfp construct were 

grown in competence inducing medium as described in the methods section. Cells were analyzed by phase 

contrast and fluorescence microscopy and representative images are shown. Scale bar is 2 µm. (B) The 

percentage of GFP-expressing cells was determined for each strain. The ratio of GFP-expressing cells of each 

mutant compared to the wildtype strain was calculated and the result of at least six independent 

experiments plotted. For statistical analysis, a one-way ANOVA followed by a Dunnett’s multiple comparison 

test was used (* p ≤ 0.05, *** p ≤ 0.001, **** p ≤ 0.0001). 
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This observation suggests that FtsH and YtrA could potentially play a dual role in the development 

of genetic competence. On one hand, they both seem to be required for ComK activity but on the 

other hand, they also seem to have a ComK-independent function. However, it is also possible 

that the overexpression of comK and comS using the PmtlA promoter does not lead to the 

production of sufficient amounts of ComK to fully restore competence of the ftsH and ytrA 

mutants. The ytrA gene encodes a transcription factor, whose physiological function is poorly 

understood (Salzberg et al., 2011). Therefore, we focused our further work on understanding the 

role of YtrA on the development of genetic competence. 

  

3.2. Overexpression of the YtrBCDEF ABC transporter inhibits genetic competence 

The ytrA gene encodes a negative transcription regulator of the GntR family, which binds to the 

inverted repeat sequence AGTGTA-13bp-TACACT (Salzberg et al., 2011). In the B. subtilis genome, 

this sequence is present in front of two operons, its own operon ytrGABCDEF and ywoBCD. The 

deletion of ytrA leads to an overexpression of these two operons (Salzberg et al., 2011). It is 

tempting to speculate that overexpression of one of these operons is the cause for the loss of 

competence in the ytrA mutant. In case of the ytrA mutant used in this study, the expression of 

the downstream genes, namely ytrBCDEF, is controlled by the promoter of the ermC gene, which 

was inserted into the ytrA locus. This results in a 335- and 566-fold expression of ytrE and ytrF, 

respectively, in the ytrA mutant as compared to the B. subtilis wildtype strain (Fig S1). To test 

whether the overexpression of ytrBCDEF leads to the competence deficiency of the ytrA mutant, 

we constructed strain GP2646, where the complete ytrGABCDEF operon is replaced by the ermC 

gene and assayed its genetic competence. This revealed that although deletion of ytrA fully blocks 

genetic competence, the transformation efficiency of the strain lacking the whole operon is 

comparable to the wild type strain 168 (Table 4). We conclude that overexpression of the 

ytrGABCDEF operon causes the loss of competence in the ytrA mutant strain. In addition, we 

assessed ComK activity in the mutant lacking the ytrGABCDEF operon, using the expression of the 

PcomG-gfp fusion as a readout. As observed for the wild type, about 40% of the mutant cells 

expressed comG, indicating that ComK is fully active in the mutant (Fig 1), and that the reduced 

activity in the ytrA mutant results from the overexpression of the operon. Initially we also aimed 

to delete the ywoBCD operon to assess a potential involvement in genetic competence, however 

several attempts to construct such a strain failed. As we were already able to show that the 

overexpression of the ytr operon causes the loss of competence in the ytrA mutant, we decided 

not to continue with this second YtrA-controlled operon.  
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The ytr operon consists of seven genes (see Fig 2A). Five proteins encoded by this operon (YtrB, 

YtrC, YtrD, YtrE and YtrF) are components of a putative ABC transporter (see Fig 2B), which was 

suggested to play a role in acetoin utilization (Quentin et al., 1999; Yoshida et al., 2000). YtrB and 

YtrE are supposed to be nucleotide binding proteins, YtrC and YtrD membrane spanning proteins 

and YtrF the substrate binding protein. Finally, ytrG is another open reading frame, which is 

located upstream of ytrA and encodes a peptide of 45 amino acids, which is probably not part of 

the ABC transporter (Salzberg et al., 2011). The expression of the ytr operon is usually kept low 

due to transcriptional repression by YtrA. This repression is naturally relieved in response to 

several lipid II-binding antibiotics or during cold shock (Beckering et al., 2002; Salzberg et al., 2011; 

Wenzel et al., 2012). To test the involvement of the individual components of the putative 

YtrBCDEF ABC transporter in the development of genetic competence, we constructed double 

mutants of ytrA together with each of the other genes of the operon, i.e. ytrB, ytrC, ytrD, ytrE and 

ytrF, and assessed their genetic competence. The results revealed that most of the double 

mutants are deficient in genetic transformation, as observed for the single ytrA mutant GP2647 

(Table 4). However, strain GP3187 with deletions of ytrA and ytrF but still overexpressing all the 

other parts of the transporter had partially restored competence. YtrF could thus be a major player 

for the loss of competence in the overexpressing strain.  

Table 4 | Effect of gene deletions in the ytrGABCDEF operon on the development of genetic competencea. 

Mutant Colonies per µg of DNA 

Wild type 138,600 ± 17,006 

ΔytrGABCDEF 114,733 ± 14,408 

ΔytrA 0 ± 0 

ΔytrAB 0 ± 0 

ΔytrAC 0 ± 0 

ΔytrAD 24 ± 2 

ΔytrAE 137 ± 51 

ΔytrAF 10,180 ± 549 

Pxyl-ytrF 137,533 ± 26,595 

ΔytrGABCDE 108,467 ± 14,836 

ΔytrABE 309 ± 88 

Wild type 142,600 ± 39,074 

ΔytrACD 1.7 ± 2.4 

a Cells were transformed with chromosomal DNA of strain GP1152 harboring a tetracycline 

resistance marker as described in Material and Methods.  
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To further test the role of YtrF overexpression for the loss of competence, we used two different 

approaches. First, we constructed a strain with artificial overexpression of ytrF from a xylose 

inducible promoter (GP3197) and second, we created a strain with deletion of all other 

components (ytrGABCDE) of the operon, leaving only overexpressed ytrF (GP3186). 

Overexpression of ytrF in strain GP3186 was confirmed by qRT-PCR analysis (Fig 2). In contrast to 

our expectations, competence was not blocked in any of the two strains, suggesting that increased 

levels of YtrF alone are not enough to block the competence and that YtrF might need assistance 

from other components of the putative transporter for its full action and/or proper localization. 

The ytr operon encodes two putative nucleotide binding proteins (YtrB and YtrE) and two putative 

membrane spanning proteins (YtrC and YtrD), whereas YtrF is the only substrate binding protein 

that interacts with the transmembrane proteins. Therefore, we hypothesized that YtrF 

overexpression might only block genetic competence if the protein is properly localized in the 

membrane via YtrC and YtrD. To check this possibility, we constructed strains GP3206 and BLMS3 

lacking YtrA and the nucleotide binding proteins YtrB and YtrE or the membrane proteins YtrC and 

YtrD, respectively, and tested their transformability. qRT-PCR analysis was again used to confirm 

that ytrF is overexpressed in strains GP3206 and BLMS3 as compared to the wildtype strain 168 

(Fig S1). Strain GP3206 showed very few transformants, suggesting that the overexpression of 

ytrC, ytrD and ytrF, encoding the remaining transporter components, are sufficient to cause the 

loss of competence. Surprisingly, similar results were obtained for a B. subtilis strain lacking YtrA, 

YtrC and YtrD. We thus conclude that the observed loss of competence as a result of YtrF 

overexpression does not depend on the nucleotide binding proteins or the transmembrane 

proteins. Since we did not observe a loss of competence for B. subtilis strains, in which only YtrF 

is overexpressed, we hypothesize that YtrF might require assistance of another, unknown factor.  

 

Figure 2 | Genetic organization of the ytrGABCDEF operon and organization of the putative ABC 
transporter YtrBCDEF (A) Reading frames are depicted as arrows with respective gene names. Green arrows 
indicate genes encoding proteins suggested to form the ABC transporter; the yellow arrow indicates the 
gene coding for the repressor YtrA and the grey arrow indicates the small open reading frame called ytrG. 
The map is based on information provided in Salzberg et al. (2011) (B) Organization of the putative ABC 
transporter YtrBCDEF as suggested by Yoshida et al. (2000). YtrB and YtrE are nucleotide binding proteins, 
YtrC and YtrD membrane spanning proteins and YtrF is a substrate binding protein. The role and localization 
of the YtrG peptide remain elusive.  
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Overexpression of the ytrGABCDEF operon leads to alterations in colony morphology during 

biofilm formation 

B. subtilis can employ various lifestyles which are tightly interconnected through regulatory 

proteins (Lopez et al., 2009). Therefore, we anticipated that the overexpression of the YtrBCDEF 

transporter might also affect other lifestyles of B. subtilis. Indeed, it was previously shown that 

the ytrA mutant has a reduced sporulation efficiency (Koo et al., 2017). We thus decided to 

examine the effect of ytrA deletion on biofilm formation. To that end, we deleted the ytrA gene 

or the whole ytrGABCDEF operon from the biofilm-forming strain DK1042 (Konkol et al., 2013). 

We then tested the biofilm formation of the resulting strains on biofilm inducing MSgg agar 

(Branda et al., 2001). As expected, the wild type strain DK1042 formed structured colonies that 

are indicative of biofilm formation. In contrast, the negative control GP2559, a ymdB mutant that 

is known to be defective in biofilm formation (Kampf et al., 2018), formed completely smooth 

colonies. The biofilm formed by the ytrA mutant GP3212 was less structured, more translucent 

and with only some tiny wrinkles on its surface, indicating that biofilm formation was slightly 

inhibited but not fully abolished upon loss of YtrA. In contrast, strain GP3207 lacking the complete 

ytrGABCDEF operon formed a biofilm indistinguishable from the one of the parental strain DK1042 

(see Fig 3). This observation suggests that overexpression of components of the YtrBCDEF ABC 

transporter could interfere with biofilm formation in B. subtilis. 

 

Figure 3 | Biofilm formation is affected by ytrA deletion. Biofilm formation was examined in the wild type 
strain DK1042 and respective deletion mutants of ymdB (GP2559), ytrA (GP3212) and ytrGABCDEF 
(GP3207). The biofilm assay was performed on MSgg agar plates as described in Material and Methods. The 
plates were incubated for 3 days at 30°C. All images were taken at the same magnification. 

 

Overexpression of the ytr operon increases cell wall thickness 

In previous experiments, we have shown that the overexpression of the ytr operon interferes with 

the development of genetic competence and, to some extent, with biofilm formation. However, 

it remains unclear why competence and biofilm formation are affected by the overexpression of 

the ytr operon. The ytr operon is repressed under standard laboratory conditions by the YtrA 

transcription regulator and this repression is naturally relieved upon exposure to very specific 

stress conditions such as cell wall targeting antibiotics and cold shock (Beckering et al., 2002; Cao 
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et al., 2002; Mascher et al., 2003; Salzberg et al., 2011; Nicolas et al., 2012; Wenzel et al., 2012). 

The possible link between antibiotic resistance, genetic competence, and biofilm formation is not 

apparent, however, cell wall properties might provide an answer. Indeed, it has been shown that 

wall teichoic acids, the uppermost layer of the cell wall, are important for biofilm formation and 

for DNA binding during transformation (Mirouze et al., 2018; Bucher et al., 2015; Zhu et al., 2018).  

To test the hypothesis that overexpression of the putative ABC transporter encoded by 

the ytrGABCDEF operon affects cell wall properties of B. subtilis cells, we compared the cell 

morphology of the wild type, the non-competent ytrA, ytrAB, ytrAE mutants as well as the 

competent ytrGABCDEF mutant lacking the complete operon by transmission electron 

microscopy. While the wild type strain showed an average cell wall thickness of 21 nm, which is in 

agreement with previous studies (Beveridge and Murray, 1979), the ytrA (GP2647) mutant 

showed a significant increase in cell wall thickness with an average of 31 nm. B. subtilis strains 

lacking one of the nucleotide binding proteins of the transporter, YtrB or YtrE, in addition to YtrA 

also produced a thicker cell wall with an average thickness of 30 nm and 31 nm, respectively. In 

contrast, such an increase was not observed for the whole operon mutant (GP2646) that had an 

average cell wall thickness of 23 nm (see Fig 4). These observations are in agreement with the 

hypothesis that the overexpression of the YtrBCDEF ABC transporter affects cell wall properties 

and could potentially explain the loss of genetic competence and the minor biofilm formation 

defect of the ytrA mutant.  

 

Figure 4 | Cell wall thickness is increased in ytrA, ytrAB and ytrAE mutants. (A) Shown are representative 
transmission electron microscopy images of the wild type strain 168, the ytrA mutant (GP2647), the ytrAB 
(GP3193) and the ytrAE (GP3196) double mutants and the ytrGABCDEF mutant (GP2646). Scale bar is 50 
nm. (B) Cell wall thickness of B. subtilis wild type and ytr mutants. The cell wall thickness of 40 individual 
cells per strain was measured as described in Material and Methods and plotted. For statistical analysis, a 
one-way ANOVA followed by a Dunnett’s comparison test was used (*** p ≤ 0.001, **** p ≤ 0.0001).  
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Discussion  

Genetic competence is a multifactorial process in the gram-positive organism B. subtilis. In a 

genome-wide study, several single deletion mutants were identified, which are significantly 

impaired in competence development (Koo et al., 2017). However, it remains to be determined 

why the deletion of the corresponding genes affect this process. Here, we aimed to investigate 

the role of the transcription elongation factor GreA, the metalloprotease FtsH, the transcriptional 

regulator YtrA and the RNases RNase Y, RNase J1, PNPase and nanoRNase A on competence 

development in B. subtilis. In accordance with previous studies, deletion of greA, ftsH, ytrA, rny 

and rnjA resulted in a complete loss of competence and the competence of strains lacking the 

PNPase or nanoRNase A was severely reduced (Figaro et al., 2013; Koo et al., 2017). The 

overexpression of comKS, coding for the master regulator of competence ComK and the small 

antiadapter protein ComS, could not restore the competence of the rny, rnjA and greA mutants, 

suggesting that RNase Y, RNase J1 and GreA act downstream of the control of comK expression. 

In contrast, overexpression of comKS restored the competence efficiency of the nrnA mutant to a 

level comparable to the isogenic wild type strain and we hypothesize that nanoRNase A directly 

or indirectly affects comK expression. Lack of the metalloprotease FtsH led to a complete loss of 

genetic competence that could not be restored by the overexpression of comKS suggesting that 

FtsH acts downstream of ComK. However, we could not detect any expression from the comG 

promoter, which contradicts the first result. We hypothesize that FtsH might have a dual role: on 

one hand, it could influence the expression of comK and on the other hand, it could have a ComK-

independent role. However, it is also possible that ComK is not properly expressed in the ftsH 

mutant or that FtsH is involved in the turnover of MecA, Rok or AbrB leading to a reduced 

expression of comK or an enhanced degradation of ComK. Further studies are required to 

understand the precise role of FtsH on competence development in B. subtilis. For the pnpA and 

ytrA mutants, we observed a slight improvement of competence, suggesting that PNPase and YtrA 

could play a role in comK expression control. However, the genetic competence could not be fully 

restored by comKS overexpression, indicating that ComK might not be the only factor contributing 

to the competence deficiency of the pnpA and ytrA mutants. Again, elevated ComK levels might 

not be sufficient to completely suppress the competence deficiency of these two mutants. 

The transcriptional repressor YtrA is encoded in the ytrGABCDEF operon, whose 

expression is induced in the presence of cell wall-acting antibiotics and cold shock (Beckering et 

al., 2002; Salzberg et al., 2011; Wenzel et al., 2012). The ytrGABCDEF operon further codes for a 

putative ABC transporter, YtrBCDEF, which was suggested to be involved in acetoin utilization in 

B. subtilis (Quentin et al., 1999; Yoshida et al., 2000). Previous work already revealed that lack of 
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YtrA leads to a competence defect and a decreased sporulation efficiency (Koo et al., 2017). In this 

work we could show that loss of genetic competence of the ytrA mutant is caused by the 

overexpression of the ytrGABCDEF operon. Furthermore, this phenotype seems to partially 

depend on the presence of the substrate binding protein YtrF. Surprisingly, transformations of a 

ytrA mutant also lacking both ATP-binding proteins, YtrB and YtrE, or both transmembrane 

proteins, YtrC and YtrD, only leads to a small number of colonies, suggesting that the loss of 

genetic competence of a ytrA mutant does not require the activity of the YtrBCDEF transporter.  

Based on the partial complementation of genetic competence of the ytrA mutant upon 

comKS overexpression, one might expect that the loss of YtrA and the concomitant overexpression 

of the ABC transporter somehow interfere with a process upstream of ComK activation. However, 

competence is developed in an all or nothing scenario, and cells in which the ComK levels reach a 

certain threshold should become competent (Haijema et al., 2001; Maamar and Dubnau, 2005). 

Our observation that comKS overexpression only partially restores competence of the ytrA mutant 

suggests that ComK levels are not the only factor that limit competence of the ytrA mutant. If the 

ytrA deletion would only interfere with ComK activation, one would expect wild type-like 

competence upon overexpression of comKS, which was not the case. However, it is also possible 

that ComK levels in the ytrA mutant background are not sufficient to restore genetic competence, 

even after mannitol-induced overexpression of comKS. Another explanation could be that the 

activity of MecA is enhanced in the absence of YtrA leading to a faster degradation of ComK by 

the ClpCP complex. In addition to the loss of competence, the ytrA mutant produces a thicker cell 

wall as compared to the B. subtilis wild type, which could also have an impact on genetic 

competence. The DNA uptake apparatus must be adapted to cell wall thickness in order to ensure 

that the extracellular DNA can reach the ComG/ComE DNA transport complex. Due to the 

increased cell wall thickness upon overexpression of the YtrBCDEF ABC transporter, the DNA is 

probably unable to get in contact with the ComG pili. Overexpression of ComK will then result in 

the increased production of DNA-binding ComG on the cell surface of all cells of the population 

(compared to about 10% in the wild-type strain transformed with the classical two-step protocol). 

This would simply increase the probability that foreign DNA reaches the DNA uptake machinery in 

some cells, which then leads to the appearance of a few transformants as observed in our study. 

On the other hand, the results obtained by fluorescence microscopy revealed a decreased 

transcription from the ComK dependent comG promoter in the ytrA mutant. However, this 

expression is expected to be wild type-like if the action of the YtrBCDEF ABC transporter would 

not interfere with ComK activity and only block DNA uptake as a result of the thicker cell wall as 

suggested above. Again, the thicker cell wall might be responsible, since ComK expression is 
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induced by the detection of extracellular quorum-sensing signals (both ComXPA and Rap-Phr 

systems) and this induction depends on the accessibility of the sensor domains for the 

pheromones (reviewed in (Maier, 2020)), which might be impaired in the strain with altered cell 

wall thickness.  

In addition to the loss of genetic competence, it was previously shown that ytrA deletion 

leads to decreased sporulation efficiency (Koo et al., 2017) and we have shown that it also has a 

minor effect on biofilm formation. Considering the changed cell wall properties, this is in 

agreement with previous studies, which showed hampered biofilm formation upon disruption of 

cell wall biosynthesis (Bucher et al., 2015; Zhu et al., 2018). Taken together, we conclude that the 

overexpression of the YtrBCDEF ABC transporter upon deletion of ytrA leads to pleiotropic effects 

on alternative lifestyles of B. subtilis and to increased cell wall thickness, however, at the current 

stage it is unknown whether the proteins encoded in the ytr operon have a direct impact on 

competence, sporulation and biofilm formation or whether these pleiotropic effects are indirect 

consequences of the increased cell wall thickness. 

Our results demonstrate that the YtrBCDEF ABC transporter is involved in the control of 

cell wall homeostasis, but it is not yet clear how this is achieved. An easy explanation would be 

that the system exports molecules necessary for cell wall synthesis, however, based on the 

presence of the substrate binding protein YtrF and on the critical role of this protein in preventing 

genetic competence, it can be assumed that the ABC transporter rather acts as an importer. 

YtrBCDEF could therefore be involved in the import of components required for the synthesis of 

peptidoglycan precursors or an unknown signal, which is involved in the regulation of 

peptidoglycan precursor production. In the latter case, overproduction of the ABC transporter 

YtrBCDEF would lead to an increased import of this unknown signal molecule and thus, to an 

enhanced peptidoglycan precursor synthesis leading to the production of a thicker cell wall. It is 

also possible that YtrBCDEF may not act as a transporter at all and simply modulate the activity of 

other enzymes that participate in cell wall metabolism. This could potentially explain why the B. 

subtilis strain lacking YtrA as well as the ATP-binding proteins, latter of which are usually essential 

for the activity of ABC transporters, still produce a thicker cell wall and remain non-competent. 

Strikingly, the C-terminus of YtrF contains a FtsX-like domain. In B. subtilis, the ABC transporter 

FtsEX activates the cell wall hydrolase CwlO via direct protein-protein interaction thereby affecting 

cell elongation (Meisner et al., 2013). We speculate that the FtsX-like domain of YtrF could thus 

be required for the interaction with other proteins. 

Based on its expression pattern, the ytr operon was described as a reporter for 

glycopeptide antibiotics, such as vancomycin or ristocetin (Hutter et al., 2004) and antibiotics that 
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interfere with the lipid II cycle, such as nisin (Wenzel et al., 2012). Whether this induction of 

ytrGABCDEF expression leads to an increased resistance towards those antibiotics is not clear, but 

recent results indicate that it has indeed an impact on nisin resistance (Senges et al., 2020). 

Interestingly, the substrate binding lipoprotein YtrF contains a MacB-like periplasmic core domain 

in its N-terminus. MacB proteins are usually involved in resistance towards antibiotics and peptide 

toxins (Greene et al., 2018), suggesting that YtrF could potentially bind antibiotics. It is tempting 

to speculate that cell wall-acting antibiotics serve as an exogenous signal to activate the 

expression of the ABC transporter YtrBCDEF, which leads to the production of a thicker cell wall 

and with this, to an increased resistance to these antibiotics. However, how this could still be 

achieved in the absence of the ATP-binding proteins YtrB and YtrE remains elusive. Future work 

will need to address the precise mechanism by which the YtrBCDEF ABC transporter affects cell 

wall synthesis in B. subtilis. 
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Abstract 

The bacterial cell wall is composed of a thick layer of peptidoglycan and cell wall polymers, which 

are either embedded in the membrane or linked to the peptidoglycan backbone and referred to 

as lipoteichoic acid (LTA) and wall teichoic acid (WTA), respectively. Modifications of the 

peptidoglycan or WTA backbone can alter the susceptibility of the bacterial cell towards cationic 

antimicrobials and lysozyme. The human pathogen Listeria monocytogenes is intrinsically resistant 

towards lysozyme, mainly due to deacetylation and O-acetylation of the peptidoglycan backbone 

via PgdA and OatA. Recent studies identified additional factors, which contribute to the lysozyme 

resistance of this pathogen. One of these is the predicted ABC transporter, EslABC. An eslB mutant 

is hyper-sensitive towards lysozyme, likely due to the production of thinner and less O-acetylated 

peptidoglycan. Using a suppressor screen, we show here that suppression of eslB phenotypes 

could be achieved by enhancing peptidoglycan biosynthesis, reducing peptidoglycan hydrolysis or 

alterations in WTA biosynthesis and modification. The lack of EslB also leads to a higher negative 

surface charge, which likely stimulates the activity of peptidoglycan hydrolases and lysozyme. 

Based on our results, we hypothesize that the portion of cell surface exposed WTA is increased in 

the eslB mutant due to the thinner peptidoglycan layer and that latter one could be caused by an 

impairment in UDP-N-acetylglucosamine (UDP-GlcNAc) production or distribution. 
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Introduction 

In recent years, antibiotic resistance became a serious threat for public health. One of the main 

targets of currently available antibiotics is the bacterial cell wall (Fig. 1). In gram-positive bacteria, 

the cell wall consists of a thick layer of peptidoglycan and cell wall polymers, which are either 

tethered to the cell membrane or covalently linked to peptidoglycan and referred to as 

lipoteichoic (LTA) and wall teichoic acid (WTA), respectively. Peptidoglycan biosynthesis starts in 

the cytoplasm by the conversion of UDP-N-acetylglucosamine (UDP-GlcNAc) to UDP-N-

acetylmuramic acid (UDP-MurNAc) via MurA and MurB. The activity of the UDP-GlcNAc 1-

carboxyvinyltransferase MurA can be specifically inhibited by the antibiotic fosfomycin (Fig. 

1)(Kahan et al., 1974). In the subsequent steps, which are depicted in Figure 1, the peptidoglycan 

precursor lipid II is synthesized in the cytoplasm and transported across the membrane by the 

flippase MurJ (Meeske et al., 2015; Ruiz, 2008; Sham et al., 2014). Lipid II is then incorporated into 

the growing glycan strand by members of the SEDS (shape, elongation, division, sporulation) 

protein family, namely RodA and FtsW, which act in concert with class B penicillin binding proteins 

(PBPs) that have a transpeptidase activity (Cho et al., 2016; Leclercq et al., 2017; Taguchi et al., 

2019). Recent findings led to the conclusion that class A PBPs, which possess a glycosyltransferase 

and a transpeptidase domain, are mainly involved in filling gaps and/or repair defects in the 

peptidoglycan mesh, rather than being the main enzymes involved in peptidoglycan 

polymerization and crosslinking (Cho et al., 2016; Dion et al., 2019; Vigouroux et al., 2020). The 

ability of bacterial cells to elongate and divide depends on the activity of peptidoglycan 

hydrolases. In the gram-positive model organism Bacillus subtilis, which is closely related to L. 

monocytogenes, two DL-endopeptidases, CwlO and LytE, are essential for cell elongation. In 

addition to its role in cell elongation, LytE is also involved in cell separation (Carballido-López et 

al., 2006; Ohnishi et al., 1999; Vollmer et al., 2008). Both enzymes cleave the peptide bond 

between D-glutamic acid and meso-diamino pimelic acid of the peptidoglycan peptide, thereby 

allowing the insertion of new peptidoglycan material (Yamaguchi et al., 2004). Lack of CwlO results 

in cell shortening, while absence of CwlO and LytE is lethal (Domínguez-Cuevas et al., 2013; 

Hashimoto et al., 2012). Peptidoglycan biosynthesis and hydrolysis need to be tightly regulated to 

prevent cell lysis. In B. subtilis, this regulation is partly achieved by controlling expression of cwlO 

and lytE via the essential two-component system WalRK, whose expression is for instance induced 

during heat stress (Bisicchia et al., 2007; Dubrac et al., 2008; Takada et al., 2018). On the other 

hand, activity of CwlO depends on a direct protein-protein interaction with the ABC transporter 

FtsEX (Meisner et al., 2013). The FtsEX-dependent regulation of B. subtilis CwlO further depends 
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on the presence of two cofactors, SweC and SweD (Brunet et al., 2019; Rismondo and Schulz, 

2021). 

UDP-GlcNAc is synthesized from fructose-6-phosphate via a four-step reaction catalyzed by GlmS, 

GlmM, GlmU and GlmR and serves as a substrate of MurA. Recent findings suggest that the UDP-

GlcNAc biosynthetic pathway can be inhibited by trans-cinnamaldehyde (t-Cin) (Fig. 1)(Pensinger 

et al., 2021; Sun et al., 2021). UDP-GlcNAc is also consumed by TarO/TagO, which catalyzes the 

first committed step for the synthesis of WTA (Soldo et al., 2002). The activity of TarO/TagO can 

be blocked by tunicamycin, which also affects the activity of MraY at high concentrations 

(Campbell et al., 2011; Hakulinen et al., 2017; Price and Tsvetanova, 2007; Watkinson et al., 1971). 

In L. monocytogenes 10403S, WTA is composed of a glucose-glucose(Glc-Glc)-glycerol phosphate-

GlcNAc-N-acetylmannosamine (ManNAc) linker unit and an anionic ribitol phosphate backbone, 

which can be modified with rhamnose, GlcNAc and D-alanine residues (Shen et al., 2017). The 

modification of WTA with positively charged D-alanine residues helps to mask the negative charge 

of the ribitol phosphate backbone, thereby conferring resistance towards cationic antimicrobial 

peptides and lysozyme (Brown et al., 2013; Vadyvaloo et al., 2004).  

Lysozyme is an enzyme that cleaves the β-1,4-glycosidic bond between MurNAc and 

GlcNAc of the bacterial peptidoglycan backbone and is found in human body fluids such as tears, 

saliva and mucus. L. monocytogenes is intrinsically resistant towards lysozyme, which is mainly 

achieved by modifications of the peptidoglycan. PgdA, an N-deacetylase, and OatA, an O-

acetyltransferase, deacetylate and acetylate the GlcNAc and MurNAc residues, respectively 

(Aubry et al., 2011; Boneca et al., 2007). In addition to peptidoglycan modifying enzymes, 

lysozyme resistance of L. monocytogenes is affected by the activity of the predicted 

carboxypeptidase PbpX, the non-coding RNA Rli31 and the transcription factor DegU (Burke et al., 

2014). Interestingly, it was also been observed that the lack of components of the putative ABC 

transporter EslABC leads to a strong reduction in lysozyme resistance (Burke et al., 2014; Durack 

et al., 2015; Rismondo et al., 2021b). Recently, we could show that the absence of EslB, one of the 

transmembrane proteins of the EslABC transporter, resulted in the production of a thinner 

peptidoglycan layer and a reduction in O-acetylation of the peptidoglycan, which likely contributes 

to the reduced lysozyme resistance. Additionally, we observed that the eslB mutant is unable to 

grow in media containing high sugar concentrations and that the strain has a cell division defect 

(Rismondo et al., 2021b; Rismondo and Schulz, 2021). 

In the current study, we used a suppressor screen to gain further insights into the role of 

EslABC on the physiology of L. monocytogenes. This screen revealed that phenotypes of the eslB 

mutant can either be suppressed by enhancing peptidoglycan biosynthesis, reducing 
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peptidoglycan hydrolysis or by altering WTA production or modification. Using a cytochrome C 

assay, we further demonstrate that the lack of EslB manifests in a higher negative surface charge, 

which likely affects the activity of peptidoglycan hydrolases and provides an additional 

explanation for the increased lysozyme sensitivity of the eslB mutant. 

 

 

Figure 1 | Schematic of the UDP-GlcNAc, peptidoglycan and wall teichoic acid biosynthesis pathway. UDP-
GlcNAc, which is required for peptidoglycan and wall teichoic acid (WTA) biosynthesis, is synthesized from 
Fructose-6-phosphate in a four-step reaction catalyzed by GlmS, GlmM, GlmU and GlmR. MurA, an UDP-
GlcNAc-1-carboxyvinyltransferase catalyzing the first step of peptidoglycan biosynthesis, and MurB convert 
UDP-GlcNAc to UDP-MurNAc. Lipid II is produced in subsequent steps, which are performed by MurCDEF, 
Alr, Ddl, MraY and MurG, flipped across the membrane by MurJ and inserted into the growing glycan strand 
by glycosyltransferases (GTases). Finally, peptidoglycan is crosslinked by the action of transpeptidases 
(TPases) (Pazos and Peters, 2019). UDP-GlcNAc also serves as a substrate of TarO, the first enzyme of the 
WTA biosynthesis pathway. After the WTA polymer is synthesized by a subset of enzymes, it is transported 
across the membrane via TarGH (Brown et al., 2013) and, in case of L. monocytogenes 10403S, decorated 
with GlcNAc residues (Shen et al., 2017). UDP-GlcNAc-consuming enzymes are labelled in red. Antibiotics 
targeting different steps of the UDP-GlcNAc, peptidoglycan and WTA biosynthesis pathways or degrade 
peptidoglycan are depicted in bold (Campbell et al., 2011; Pensinger et al., 2021; Sarkar et al., 2017). 

 

Materials and Methods 

Bacterial Strains and growth conditions. All strains and plasmids used in this study are listed in 

Table S1. Escherichia coli strains were grown in Luria-Bertani (LB) medium and Listeria 

monocytogenes strains in brain heart infusion (BHI) medium at 37°C unless otherwise stated. 

Where required, antibiotics and supplements were added to the medium at the following 

concentrations: for E. coli cultures, ampicillin (Amp) at 100 µg ml-1, kanamycin (Kan) at 30 µg ml-1, 

and for L. monocytogenes cultures, chloramphenicol (Cam) at 10 µg ml-1, erythromycin (Erm) at 5 

µg ml-1, Kan at 30 µg ml-1, nalidixic acid (Nal) at 30 µg ml-1, streptomycin (Strep) at 200 µg ml-1 and 

IPTG at 1 mM. 
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Strain and plasmid construction. All primers used in this study are listed in Table S2. For the 

construction of pIMK3-murA, pIMK3-glmR, pIMK3-glmU and pIMK3-glmM, the murA, glmR, glmU 

and glmM genes were amplified using primer pairs JR90/JR91, JR134/JR135, JR136/JR137 and 

JR138/JR139, respectively, cut with NcoI and SalI and ligated into plasmid pIMK3 that had been 

cut with the same enzymes. The resulting plasmids pIMK3-murA, pIMK3-glmR, pIMK3-glmU and 

pIMK3-glmM were recovered in E. coli XL1-Blue yielding strains XL1-Blue pIMK3-murA (EJR52), 

XL1-Blue pIMK3-glmR (EJR106), XL1-Blue pIMK3-glmU (EJR107) and XL1-Blue pIMK3-glmM 

(EJR108). Next, plasmids pIMK3-murA, pIMK3-glmR, pIMK3-glmU and pIMK3-glmM were 

transformed into E. coli S17-1 yielding strains S17-1 pIMK3-murA (EJR59), S17-1 pIMK3-glmR 

(EJR132), S17-1 pIMK3-glmU (EJR133) and S17-1 pIMK3-glmM (EJR134). E. coli strain S17-1 pIMK3-

murA (EJR59) was used as a donor strain to transfer plasmid pIMK3-murA by conjugation into L. 

monocytogenes strains 10403S (ANG1263) and 10403SeslB(2) (ANG5662) using a previously 

described method (Lauer et al., 2002). This resulted in the construction of strains 10403S pIMK3-

murA (LJR26) and 10403SeslB(2) pIMK3-murA (LJR27), in which the expression of murA is under 

the control of an IPTG-inducible promoter. Strains carrying the empty pIMK3 vector were used as 

controls. For this purpose, pIMK3 was transformed into E. coli S17-1 yielding strain EJR58. S17-1 

pIMK3 was subsequently used as a donor strain to transfer plasmid pIMK3 by conjugation into L. 

monocytogenes strains 10403S (ANG1263) and 10403SeslB(2) (ANG5662), which resulted in the 

construction of strains 10403S pIMK3 (LJR24) and 10403SeslB(2) pIMK3 (LJR25). For the 

construction of pIMK3-glmS, the glmS gene was amplified using primer pair JR140/JR141. The 

resulting PCR product was cut with BamHI and XmaI and ligated into plasmid pIMK3 that had been 

cut with the same enzymes. Plasmid pIMK3-glmS was recovered in E. coli XL1-Blue and 

subsequently transformed into E. coli S17-1 yielding strains XL1-Blue pIMK3-glmS (EJR112) and 

S17-1 pIMK3-glmS (EJR135), respectively. E. coli strains S17-1 pIMK3-glmR (EJR132), S17-1 pIMK3-

glmU (EJR133), S17-1 pIMK3-glmM (EJR134) and S17-1 pIMK3-glmS (EJR135) were used to transfer 

plasmids pIMK3-glmR, pIMK3-glmU, pIMK3-glmM and pIMK3-glmS by conjugation into L. 

monocytogenes strain 10403SeslB(2) (ANG5662) yielding strains 10403SeslB(2) pIMK3-glmR 

(LJR63), 10403SeslB(2) pIMK3-glmU (LJR64), 10403SeslB(2) pIMK3-glmM (LJR65) and 

10403SeslB(2) pIMK3-glmS (LJR66). 

 For the construction of a markerless deletion of cwlO (lmrg_01743), 1-kb DNA fragments 

up- and downstream of cwlO were amplified by PCR with primers LMS106/107 and LMS104/105. 

The resulting PCR products were fused in a second PCR using primers LMS105/106, the product 

cut with BamHI and KpnI and ligated into pKSV7 that had been cut with the same enzymes. The 

resulting plasmid pKSV7-cwlO was recovered in E. coli XL1-Blue yielding strain XL1-Blue pKSV7-
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cwlO (EJR63). Plasmid pKSV7-cwlO was subsequently transformed into L. monocytogenes 

10403S and cwlO deleted by allelic exchange according to a previously published method (Camilli 

et al., 1993) yielding strain 10403ScwlO (LJR37). Since attempts of producing electrocompetent 

cwlO cells were unsuccessful, plasmid pIMK3-cwlO was first conjugated into strain 10403ScwlO 

(LJR37), which allows for IPTG-inducible expression of cwlO, and resulting in the construction of 

strain 10403ScwlO pIMK3-cwlO (LJR103). For the construction of pIMK3-cwlO, cwlO was 

amplified using the primer pair LMS226 and LMS227. The fragment was cut with NcoI and BamHI, 

ligated into pIMK3 that had been cut with the same enzymes and recovered in E. coli XL1-blue and 

S17-1, yielding strains EJR114 and EJR115, respectively. To generate a cwlO eslB double mutant, 

plasmid pKSV7-eslB was first transformed into L. monocytogenes strain 10403ScwlO pIMK3-

cwlO (LJR103) resulting in strain 10403ScwlO pIMK3-cwlO pKSV7-eslB (LJR114). The eslB gene 

was then deleted by allelic exchange. This resulted in the construction of strain 10403ScwlO 

eslB pIMK3-cwlO (LJR119).  

For the construction of promoter-lacZ fusions, the plasmid pAC7 was used. The promoter 

region of the dlt operon was amplified from genomic DNA of the L. monocytogenes wildtype 

10403S and the eslB suppressor strain 10403S∆eslB(3) Pdlt* (ANG5746) containing a mutation 31 bp 

upstream of the ATG start codon, using the primer pair LMS93 and LMS94. The PCR products were 

digested with BamHI and EcoRI and ligated into pAC7. The resulting plasmids pAC7-Pdlt and pAC7-

Pdlt* were recovered in XL1-Blue resulting in strains XL1-Blue pAC7-Pdlt (EJR50) and XL1-Blue pAC7-

Pdlt* (EJR51). Subsequently, both plasmids were integrated into the amyE site of the B. subtilis 

wildtype strain 168, resulting in B. subtilis strains 168 pAC7-Pdlt (BLMS4) and 168 pAC7-Pdlt* 

(BLMS5), respectively. 

 

Generation of eslB suppressors and whole genome sequencing. For the generation of eslB 

suppressors, overnight cultures of three independently generated L. monocytogenes eslB 

mutants, strains 10403SeslB(1) (ANG4275), 10403SeslB(2) (ANG5662) and 10403SeslB(3) 

(ANG5685), were adjusted to an OD600 of 1. 100 µl of 10-1 and 10-2 dilutions of these cultures were 

plated on BHI plates containing (A) 0.5 M sucrose and 0.025 µg ml-1 penicillin, (B) 0.5 M sucrose 

and 0.05 µg ml-1 penicillin or (C) 100 µg ml-1 lysozyme, conditions under which the eslB mutant is 

unable to grow while the L. monocytogenes wildtype strain 10403S can grow. The plates were 

incubated at 37°C overnight and single colonies were re-streaked on BHI plates. This procedure 

was repeated at least three independent times per condition. The genome sequence of a selection 

of eslB suppressors was determined by whole genome sequencing (WGS) using an Illumina MiSeq 

machine and a 150 paired end Illumina kit as described previously (Rismondo et al., 2021b). The 
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reads were trimmed, mapped to the L. monocytogenes 10403S reference genome (NC_017544) 

and single nucleotide polymorphisms (SNPs) with a frequency of at least 90% identified using CLC 

workbench genomics (Qiagen) and Geneious Prime® v.2021.0.1. The whole genome sequencing 

data were deposited at the European Nucleotide Archive (ENA) under accession number 

PRJEB55822.  

 

Determination of resistance towards antimicrobials. For the disk diffusion assays, overnight 

cultures of the indicated L. monocytogenes strains were adjusted to an OD600 of 0.1. 100 µl of 

cultures were spread on BHI agar plates using a cotton swap. Plates contained 1 mM IPTG were 

indicated. 6 mm filter disks were placed on top of the agar surface, soaked with 20 µl of the 

appropriate antibiotic stock solution and the plates were incubated at 37°C. The diameter of the 

inhibition zone was measured the next day. The following stock solutions were used: 50 mg ml-1 

fosfomycin, 1 mg ml-1 t-Cin, 5 mg ml-1 tunicamycin, 15 mg ml-1 D-cycloserine, 60 mg ml-1 nisin, 30 

mg ml-1 vancomycin, 5 mg ml-1 moenomycin, 1 mg ml-1 penicillin, 10 mg ml-1 ampicillin and 250 mg 

ml-1 bacitracin. 

 

Spot plating assays. Overnight cultures of L. monocytogenes strains were adjusted to an OD600 of 

1 and serially diluted to 10-6. 5 µl of each dilution were spotted on BHI agar plates, BHI agar plates 

containing 0.5 M sucrose and 0.025 µg ml-1 penicillin; 100 µg ml-1 lysozyme; 0.025 µg/ml 

moenomycin, 500 µl DMSO (99.5%), 0.05 µg ml-1 or 0.5 µg ml-1 tunicamycin and plates incubated 

at 37°C unless otherwise stated. Where indicated, plates were supplemented with 1 mM IPTG or 

20 mM MgCl2. Images of plates were taken after 20-24 hours of incubation.  

 

Cell length analysis. Overnight cultures of the indicated L. monocytogenes strains were inoculated 

to an OD600 of 0.1 and grown to an OD600 of 0.3-0.6 at 37°C with agitation in BHI medium or BHI 

medium containing 1 mM IPTG and the appropriate antibiotic. To stain the bacterial membranes, 

800 µl of the bacterial cultures were mixed with 40 µl of 100 µg ml-1 nile red and incubated for 20 

min at 37°C. The cells were washed twice in PBS buffer and subsequently re-suspended in the 

same buffer. Cells were then fixed in 1.12% paraformaldehyde for 20 min at room temperature in 

the dark and 1-1.5 µl of the cell suspension was spotted on microscope slides covered with a thin 

agarose layer (1.5% in ddH2O). Phase contrast and fluorescence images were taken using a Zeiss 

Axioskop 40 microscope equipped with an EC Plan-NEOFLUAR 100X/1.3 objective (Carl Zeiss, 

Göttingen, Germany) and coupled to an AxioCam MRm camera. Filter set 43 was used for the 

detection of the nile red signal. The images were processed using the Axio Vision software (release 
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4.7). The length of 50 cells per replicate was measured for each strain and the mean calculated. 

Statistical analysis was performed using the software GraphPad Prism (version 8). 

 

Isolation of cellular proteins and western blotting. Bacteria from a 20 ml culture were harvested 

by centrifugation and washed with ZAP buffer (10 mM Tris-HCl, pH 7.5, 200 mM NaCl). The cells 

were subsequently resuspended in 1 ml ZAP buffer containing 1 mM PMSF and disrupted by 

sonication. Cellular debris was removed by centrifugation, the resulting supernatant collected and 

separated by SDS polyacrylamide gel electrophoresis (PAGE). Proteins were transferred onto 

positively charged polyvinylidene fluoride (PVDF) membranes using a semi-dry transfer unit. MurA 

and DivIVA were detected using a polyclonal rabbit antiserum raised against the B. subtilis MurAA 

protein (Kock et al., 2004), which also cross reacts with the L. monocytogenes MurA protein, and 

DivIVA (Marston et al., 1998) as primary antibody and an anti-rabbit immunoglobulin G conjugated 

to horseradish peroxidase antibody as the secondary antibody. Blots were developed using ECL 

chemiluminescence reagents (Thermo Scientific) and imaged using a chemiluminescence imager 

(Vilber Lourmat).  

 

Cytochrome C binding assay. Cytochrome C binding assays were performed as previously 

described (Kang et al., 2015). Briefly, overnight cultures of L. monocytogenes were used to 

inoculated fresh cultures to an OD600 of 0.05 in 4 ml BHI medium and the cultures were grown to 

an OD600 of 0.6-0.8 at 37°C and 200 rpm. Bacteria from 2 ml of the culture were harvested by 

centrifugation at 16.200 x g for 1 min. Cells were then washed twice with 20 mM MOPS (3-(N 

morpholino) propanesulfonic acid) buffer (pH 7) and adjusted to an OD600 of 0.25 in the same 

buffer. Cytochrome C was added at a final concentration of 50 µg ml-1 and the suspension was 

incubated in the dark for 10 min at room temperature. The suspension was centrifuged for 5 min 

at 16.200 x g, the supernatant removed and the absorbance of the supernatant was measured at 

410 nm (OD410 + cells). A reaction without cells was used as blank (OD410 – cells). The percentage 

of bound cytochrome C was calculated as follows:  

% cytochrome C bound = 100 – [(OD410 + cells) / (OD410 – cells) 

 

β-galactosidase assay. To compare the dlt promoter activity of the L. monocytogenes wildtype 

and suppressor strain 10403S∆eslB(3) Pdlt* (ANG5746), β-galactosidase assays were performed. For 

this purpose, promoter-lacZ fusions were integrated into the amyE locus of B. subtilis 168. The 

resulting B. subtilis strains were grown in CSE-glucose minimal medium at 37°C to an OD600 of 0.5-
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0.8, bacteria from a culture aliquot harvested and the β-galactosidase activity determined as 

described previously (Miller, 1972).  

 

Results 

∆eslB phenotypes are restored in the presence of excess Mg2+ 

The eslABCR operon encodes the putative ABC transporter EslABC and the RpiR transcriptional 

regulator EslR. Absence of the transmembrane component EslB leads to a multitude of 

phenotypes including a cell division defect, decreased lysozyme resistance, the production of a 

thinner cell wall and a growth defect in media containing high sugar concentrations (Rismondo et 

al., 2021b). In addition, we observed that the growth of the eslB mutant is severely affected when 

grown on BHI plates at 42°C (Fig. 2A). So far, the cellular function of the transporter EslABC and 

how it is mechanistically linked to cell division and cell wall biosynthesis in L. monocytogenes is 

unknown. Generally, many cell wall defects can be rescued by the addition of Mg2+, however, the 

reason for this is still debated. Recently, it was speculated that binding of Mg2+ to the cell wall 

inhibits peptidoglycan hydrolases and thereby stabilizes the bacterial cell wall (Tesson et al., 

2022). As the phenotypic defects of the eslB mutant suggest that peptidoglycan biosynthesis might 

be impaired, we speculated that the addition of Mg2+ should rescue the growth of this strain. To 

test this hypothesis, the L. monocytogenes wildtype 10403S, the ∆eslB mutant and the ∆eslB 

complementation strain were inoculated on BHI plates containing sucrose and penicillin, lysozyme 

or were incubated at 42°C in the absence or presence of 20 mM MgCl2. The addition of Mg2+ could 

restore the growth of the ∆eslB mutant under all conditions tested (Fig. S1), further supporting 

the hypothesis that peptidoglycan biosynthesis is impaired in L. monocytogenes cells lacking EslB.  
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Figure 2 | Mutation P159L in prpC suppresses eslB phenotypes. (A) Drop dilution assay. Dilutions of 
L. monocytogenes strains 10403S (wt), ΔeslB(2), ΔeslB(2) compl., and ΔeslB(2) prpCP159L were spotted on BHI 
plates, BHI plates containing 100 µg/ml lysozyme or containing 0.5 M sucrose and 0.025 µg/ml penicillin G 
and were incubated at 37°C or on BHI plates and were incubated at 42°C. (B) Western blot. Protein samples 
of strains 10403S, ΔeslB(2), ΔeslB(2) compl. and ΔeslB(2) prpCP159L were separated by SDS PAGE and transferred 
to a PVDF membrane. MurA was detected using a MurAA-specific antibody as described in the methods 
section. Protein samples of L. monocytogenes wildtype strain EGD-e and a clpC mutant were used as 
controls. A western blot showing DivIVA levels serves as a loading control. MurA level in the protein samples 

were quantified and plotted. For statistical analysis, an unpaired two-tailed t-test was used (* p  0.05).  
 

Resistance profile of the eslB mutant towards cell wall-targeting antibiotics 

To narrow down which point of the peptidoglycan biosynthesis pathway is impaired in the eslB 

mutant, we performed disk diffusion assays with antibiotics that target different steps of this 

pathway (Fig. 1). Compared to the wildtype, the eslB mutant was more sensitive towards t-Cin and 

fosfomycin (Fig. 3), which target the UDP-GlcNAc biosynthetic pathway and MurA, respectively 

(Marquardt et al., 1994; Pensinger et al., 2021; Sun et al., 2021). In contrast, the resistance 

towards D-cycloserine, nisin, vancomycin, moenomycin, penicillin, ampicillin and bacitracin (Fig. 

1), which target processes downstream of MurA, was not altered in the eslB mutant (Fig. S2). The 

eslB mutant was more resistant towards tunicamycin, whose main target at low concentrations is 

TarO, the first enzyme functioning in the WTA biosynthesis pathway (Fig. 3). As we have seen 

above, the inhibition of WTA biosynthesis seems to be beneficial for the eslB mutant likely due to 
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an increased flux of UDP-GlcNAc towards peptidoglycan biosynthesis. This antibiotic screen 

therefore suggests that one of the limiting factors of the eslB mutant might be the synthesis or 

correct distribution of UDP-GlcNAc, a precursor, which is used for both peptidoglycan biosynthesis 

and the synthesis and modification of WTA. This hypothesis is supported by the observation that 

overproduction of GlmM and GlmR, two proteins involved in the production of UDP-GlcNAc, can 

partially suppress the eslB phenotypes (Fig. S3).  

 

 

Figure 3 | Alterations in the resistance of the eslB mutant towards cell wall-targeting antibiotics. Disk 
diffusion assay. L. monocytogenes strains 10403S (wt), ΔeslB(2) and ΔeslB(2) compl. were spotted on BHI 
plates. Antibiotic-soaked disks placed on top the agar surface and the plates incubated for 24h at 37°C. The 
inhibition zones for the indicated strains were measured and the average values and standard deviation of 
at least three independent experiments were plotted. For statistical analysis, a one-way ANOVA coupled 

with a Dunnett‘s multiple comparison test was used (** p  0.01, *** p  0.001, **** p  0.0001). 
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Table 1: Identified sequence alterations in L. monocytogenes eslB deletion strains and suppressors. 

Strain number Referenc
e 
position1 

Type2 Re
f3 

Allele
4 

Frequency5 Annotations6 AA change7 Condition8 

ANG4275 

10403SeslB(1) 

2425786-
2425875 

DEL   100% lmo2396, internalin 30 aa deletion  

ANG5386 2583855 DEL T - 100% murZ, UDP-N-acetylglucosamine 1-
carboxyvinyltransferase 

M240fs P 

ANG5479 310043 SNV G A 100% walK, histidine kinase of TCS WalRK R553H P 
ANG5480 309234 SNV C G 100% walK, histidine kinase of TCS WalRK N283E P 
ANG5488 2537835 SNV C G 100% ftsX, membrane component of ABC transporter 

FtsEX 
G243R P 

ANG5489 310094 SNV C T 100% walK, histidine kinase of TCS WalRK A570V P 
ANG5499 1491251 DEL T - 100% reoM, regulator of MurA degradation L23fs P 

ANG5662 

10403SeslB(2) 

–        

ANG5698 2582654 DEL G - 100% murZ, UDP-N-acetylglucosamine 1-
carboxyvinyltransferase 

Q307fs P 

ANG5699 310133 SNV T C 97.4% walK, histidine kinase of TCS WalRK I583T P 
ANG5708 1852252 SNV G A 100% prpC, serine threonine phosphatase P159L P 
ANG5710 2537273 SNV C T 98% cwlO, peptidoglycan DL-endopeptidase R106H P 
ANG5714 2538568 SNV G A 98.4% ftsE, ATP binding protein of ABC transporter 

FtsEX 
Q220- P 

ANG5733 308133 SNV A G 100% walR, response regulator of TCS WalRK S216G L 
ANG5734 309772 SNV C G 100% walK, histidine kinase of TCS WalRK H463D L 
ANG5737 309085 SNV G T 100% walK, histidine kinase of TCS WalRK V234L L 
ANG5741 309824 SNV G A 100% walK, histidine kinase of TCS WalRK R480H L 

ANG5685 

10403SeslB(3) 

–        

ANG5717 1921373 SNV G A 100% pbpA1, bifunctional penicillin binding protein G125D P 
ANG5729 1090622 SNV C T 100% tarL, teichoic acid ribitol-phosphate polymerase P282L P 
ANG5746 988580 SNV T C 100% Promoter of dlt operon, involved in D-alanylation of 

wall teichoic and lipoteichoic acids 
- L 

1 Reference position is based on the position in the L. monocytogenes 10403S reference genome (NC_01744). 2 Type of mutation: SNV = single nucleotide variant; DEL = nucleotide 

deletion. 3 Ref indicates base in reference genome. 4 Allele indicates base at the same position in the sequenced strain. 5 Frequency at which the base change was found in the 

sequenced strain. 6 AA change indicates the resulting amino acid change in the protein found in the reference strains as compared to the sequenced strain. 7 TCS = Two-component 

system 8 Condition, which was used to raise suppressors. L = BHI plates containing 100 µg/ml lysozyme. P = BHI plates containing 0.5 M sucrose and 0.025 or 0.05 µg/ml penicillin. 
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Isolation of eslB suppressor mutants 

To gain insights into the function of EslABC, we took advantage of the observation that the eslB 

mutant forms suppressors when grown on BHI plates that contain either 100 µg ml-1 lysozyme, or 

0.5 M sucrose and 0.025 or 0.05 µg ml-1 penicillin. Genomic alterations present in independently 

isolated eslB suppressors were determined by whole genome sequencing. A large subset of eslB 

suppressors had mutations in walR (lmo0287) or walK (lmo0288), which encode the WalRK two-

component system that is involved in cell wall metabolism (Dubrac et al., 2008; Howell et al., 

2003). In addition, we identified mutations that mapped to genes associated with peptidoglycan 

biosynthesis (murZ (lmo2552), reoM (lmo1503), prpC (lmo1821), pbpA1 (lmo1892)), 

peptidoglycan hydrolysis (cwlO (lmo2505, spl), ftsX (lmo2506), ftsE (lmo2507)) and wall teichoic 

acid (WTA) biosynthesis and modification (tarL (lmo1077), dltX (promoter region, lmrg_02074)) 

(Table 1).  

 

Suppression of eslB phenotypes by increased MurA levels 

Under sucrose penicillin stress, two eslB suppressors with mutations in murZ and one eslB 

suppressor with a mutation in reoM or prpC were isolated. The proteins encoded by all three of 

these genes affect MurA protein levels (Wamp et al., 2022, 2020). Drop dilution assays were 

performed to assess whether mutations in murZ, reoM and prpC suppress the growth defect of 

the eslB mutant in the presence of sucrose and penicillin as well as other conditions under which 

the growth of the eslB mutant is severely affected. As expected, the growth of the L. 

monocytogenes strains 10403S∆eslB(1) murZM240fs, 10403S∆eslB(2) murZQ307fs, 10403S∆eslB(1) 

reoMK23fs and 10403S∆eslB(2) prpCP159L on BHI plates containing sucrose and penicillin is 

comparable to the wildtype strain 10403S. The suppressors with mutations in murZ, reoM and 

prpC also grew like wild-type on BHI plates containing lysozyme as well as on BHI plates that were 

incubated at 42°C (Fig. 2A for 10403S∆eslB(2) prpCP159L, data not shown for 10403S∆eslB(1) 

murZM240fs, 10403S∆eslB(2) murZQ307fs, 10403S∆eslB(1) reoMK23fs).  

MurZ is a homolog of the UDP-N-acetylglucosamine 1-carboxyvinyltransferase MurA, 

which is required for the first step of peptidoglycan biosynthesis (Fig. 1)(Du et al., 2000; Kock et 

al., 2004). While MurA is essential for the growth of L. monocytogenes, the deletion of murZ is 

possible and results in the stabilization of MurA (Rismondo et al., 2016). MurA is a substrate of 

the ClpCP protease and a recent study showed that ReoM is required for the ClpCP-dependent 

proteolytic degradation of MurA in L. monocytogenes (Rismondo et al., 2016; Wamp et al., 2020). 

The activity of ReoM is controlled by the serine/threonine kinase PrkA and the cognate 

phosphatase PrpC. The phosphorylated form of ReoM stimulates peptidoglycan biosynthesis by 
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preventing ClpCP-dependent degradation of MurA, while MurA degradation is enhanced in the 

presence of non-phosphorylated ReoM (Wamp et al., 2022, 2020). The identified mutations in 

murZ and reoM in our suppressor strains lead to frameshifts, and thus to the production of inactive 

MurZ and ReoM proteins. It has been previously shown that MurA protein levels are increased in 

murZ and reoM mutants (Rismondo et al., 2016; Wamp et al., 2020) and we thus assume that this 

is also the case for the eslB suppressor strains 10403S∆eslB(1) murZM240fs, 10403S∆eslB(2) murZQ307fs 

and 10403S∆eslB(1) reoMK23fs. The identified mutation in prpC in the suppressor strain 

10403S∆eslB(2) prpCP159L leads to the production of a variant of PrpC, in which proline at position 

159 is replaced by a leucine, however, it is currently not known whether this amino acid exchange 

leads to decreased or enhanced activity of PrpC. A decreased activity of PrpC would lead to 

accumulation of MurA (Wamp et al., 2022), while enhanced activity would result in reduced MurA 

levels. To assess which affect the P159L mutation in prpC has on MurA levels, western blots were 

performed using a MurAA-specific antibody. Protein samples of L. monocytogenes strains EGD-e 

and EGD-e clpC were used as controls. In accordance with previous studies, MurA accumulated 

in the clpC mutant (Rismondo et al., 2016). The production of the mutated PrpC variant, PrpCP159L, 

also led to a slight accumulation of MurA in the eslB mutant background (Fig. 2B). Additionally, no 

change in MurA levels could be observed for the eslB mutant compared to the wildtype strain 

10403S (Fig 2B). These results suggest that while the decrease in peptidoglycan production seen 

in the eslB mutant is not caused by decreased MurA levels, the growth deficit of the eslB mutant 

can be rescued by preventing MurA degradation. To confirm that the suppression of the eslB 

phenotypes in the strains with mutations in murZ, reoM or prpC is indeed the result of increased 

MurA protein levels, we integrated a second, IPTG-inducible copy of murA into the genome of the 

eslB mutant. First, we determined the resistance towards fosfomycin, which is a known inhibitor 

of MurA (Fig. 4A-B)(Kahan et al., 1974), for the L. monocytogenes wildtype and the eslB mutant 

harboring the empty plasmid pIMK3 or pIMK3-murA in the presence of IPTG. Strain 10403S∆eslB 

pIMK3 is three-fold more sensitive to fosfomycin as compared to the cognate wildtype strain. The 

induction of murA expression increases the resistance of strains 10403S pIMK3-murA and 

10403SΔeslB pIMK3-murA (Fig. 4A-B), suggesting that MurA is indeed overproduced in these 

strains. Next, we assessed whether the growth phenotypes of the eslB mutant can be suppressed 

by the overexpression of murA. In the presence of the inducer IPTG, the growth of strain 

10403S∆eslB pIMK3-murA was comparable to the corresponding wildtype strain under all 

conditions tested (Fig. 4C). These results indicate that overproduction of MurA can compensate 

for the loss of eslB and that the suppression of the eslB phenotypes in the murZ, reoM and prpC 

suppressors is likely the result of increased MurA levels. Interestingly, increased MurA production 
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also leads to the suppression of the cell division defect of the eslB mutant. Cells of the eslB mutant 

carrying the empty pIMK3 plasmid have a cell length of 3.19±0.29 µm. In contrast, strain 

10403S∆eslB pIMK3-murA produces cells with a length of 2.27±0.03 µm, a size that is comparable 

to the length of L. monocytogenes wildtype cells (Fig. 4D-E).  

 

Figure 4 | MurA overexpression leads to suppression of eslB phenotypes. (A-B) Fosfomycin disk diffusion 
assay. (A) L. monocytogenes strains wt pIMK3, ΔeslB pIMK3, wt pIMK3-murA and ΔeslB pIMK3-murA were 
plated on BHI plates containing 1 mM IPTG. Fosfomycin-soaked disks were placed on the agar surface and 
the plates incubated for 24 h at 37°C. Yellow lines indicate the diameter of the zone of inhibition. (B) The 
inhibition zones for the indicated strains were measured and the average values and standard deviation of 
three independent experiments were plotted. (C) Drop dilution assay. Dilutions of L. monocytogenes strains 
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10403S pIMK3 (wt pIMK3), ΔeslB pIMK3, wt pIMK3-murA and ΔeslB pIMK3-murA were spotted on BHI 
plates, BHI plates containing 100 µg/ml lysozyme or containing 0.5 M sucrose and 0.025 µg/ml penicillin G, 
which were incubated at 37°C or on BHI plates, which were incubated at 42°C. (D) Microscopy images of L. 
monocytogenes strains. Bacterial membranes were stained with nile red as described in the methods 
section. Scale bar is 2 µm. (E) Cell length of L. monocytogenes strains shown in panel B. The cell length of 50 
cells per strain was determined and the median cell length calculated. The average values and standard 
deviations of three independent experiments are plotted. For statistical analysis, a one-way ANOVA coupled 

with Tukey‘s multiple comparison test was used (** p  0.01, *** p  0.001, **** p  0.0001).  

 

Suppression by reduction of the glycosyltransferase activity of PBP A1 

Multiple enzymes are involved in the production of lipid II, the peptidoglycan precursor, 

within the cytoplasm. After its transport across the membrane via MurJ, lipid II is incorporated 

into the growing glycan strand by glycosyltransferases, which can either be class A penicillin 

binding proteins (PBPs), monofunctional glycosyltransferases or members of the SEDS (shape, 

elongation, division, sporulation) family, such as RodA and FtsW (Cho et al., 2016; Emami et al., 

2017; Meeske et al., 2016). L. monocytogenes encodes two class A PBPs, PBP A1 and PBP A2, in its 

genome (Korsak et al., 2010; Rismondo et al., 2015). One of the eslB suppressor strains, ANG5717, 

carries a point mutation in pbpA1 leading to the substitution of glycine at position 125 by 

aspartate. Interestingly, this glycine residue is part of the catalytic site of the glycosyltransferase 

domain, suggesting that the glycosyltransferase activity of the PBP A1 variant PBP A1G125D might 

be reduced. Drop dilution assays and microscopic analysis revealed that the phenotypes 

associated with deletion of eslB can be rescued by pbpA1G125D (Fig. 5A-C). The glycosyltransferase 

activity of class A PBPs can be inhibited by moenomycin (Huber and Nesemann, 1968). We thus 

tested whether the presence of moenomycin would enable the growth of the eslB mutant under 

heat stress. As shown in Figure 5D, the eslB mutant is unable to grow at 42°C on BHI plates or BHI 

plates containing DMSO, which was used to dissolve moenomycin. In contrast, nearly wildtype-

like growth of the eslB mutant was observed on BHI plates that were supplemented with 

moenomycin. These results suggest that growth deficits of the eslB mutant can be rescued by the 

reduction of the glycosyltransferase activity of class A PBPs. 
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Figure 5: Inactivation of the glycosyltransferase of penicillin binding proteins rescues the eslB mutant. (A) 

Drop dilution assay. Dilutions of L. monocytogenes strains 10403S (wt), eslB(3), eslB(3) compl. and eslB(3) 
pbpA1G125D were spotted on BHI plates, BHI plates containing 100 µg/ml lysozyme or containing 0.5 M 
sucrose and 0.025 µg/ml penicillin G, which were incubated at 37°C or on BHI plates, which were incubated 
at 42°C. (B) Microscopy images of L. monocytogenes strains. Bacterial membranes were stained with nile 
red as described in the methods section. Scale bar is 2 µm. (C) Cell length of L. monocytogenes strains shown 
in panel B. The cell length of 50 cells per strain was determined and the median cell length calculated. The 
average values and standard deviations of three independent experiments are plotted. (D) Drop dilution 
assay. Dilutions of L. monocytogenes strains 10403S (wt), ΔeslB(2) and ΔeslB(2) compl. were spotted on BHI 
plates, BHI plates containing DMSO or containing 0.025 µg/ml moenomycin and incubated at 37°C or 42°C.  
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Suppression by reducing cwlO expression or CwlO activity 

In addition to suppressors associated with MurA and PBP A1, we isolated suppressors carrying 

mutations in genes that either affect the transcription of cwlO or the activity of CwlO. CwlO is a 

DL-endopeptidase, which opens the existing cell wall to allow for the insertion of new lipid II 

precursors during cell elongation of B. subtilis (Bisicchia et al., 2007; Hashimoto et al., 2012). In B. 

subtilis, transcription of cwlO is induced by WalRK in response to low DL-endopeptidase activity 

(Bisicchia et al., 2007; Dobihal et al., 2019; Dubrac et al., 2008) and CwlO activity is stimulated by 

a direct interaction with the ABC transporter FtsEX (Meisner et al., 2013). In our suppressor screen, 

we isolated eight eslB suppressor strains that carried mutations in walK, which were either 

isolated under lysozyme or sucrose penicillin stress, and four eslB suppressor strains that carried 

mutations in walR from which the majority was isolated in the presence of lysozyme stress. We 

selected eslB suppressors 10403S∆eslB(2) walRS216G and 10403S∆eslB(2) walKH463D, which were 

isolated under lysozyme stress, and 10403S∆eslB(2) walKI583T, which was isolated under sucrose 

penicillin stress, for further analysis. In addition, three suppressors with mutations were isolated 

in ftsE, ftsX and cwlO under sucrose penicillin pressure (Table 1).  

Spot plating assays showed that the eslB suppressors with mutations in either walR or 

walK could overcome the growth defect of the eslB mutant under sucrose penicillin, lysozyme and 

heat stress (Fig. 6). In contrast, eslB suppressors harboring mutations in either ftsE, ftsX or cwlO, 

grow comparable to the wildtype under sucrose penicillin and heat stress, but showed a similar 

growth defect as the eslB mutant on plates containing lysozyme (Fig. 6A). Microscopic analysis of 

the eslB suppressors with mutations in walR, walK, ftsE, ftsX and cwlO revealed that these cells 

have a similar cell length to the L. monocytogenes wildtype 10403S and thus, the expression of 

mutated WalR, WalK, FtsE and CwlO variants could restore the cell division defect of the eslB 

mutant (Fig. 6B-C). Additionally, we observed that the cells of suppressor strains 10403S∆eslB(2) 

cwlOR106H and 10403S∆eslB(2) ftsEQ220- were bent compared to the wildtype strain. This phenotype 

is characteristic for B. subtilis cwlO and ftsE mutants (Domínguez‐Cuevas et al., 2013; Meisner et 

al., 2013) suggesting that the acquired mutations in cwlO and ftsE led to inactivation or reduced 

activity of CwlO and FtsE in L. monocytogenes. 
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Figure 6 | Mutations in walR, walK, cwlO, ftsE and ftsX suppress eslB phenotypes. (A) Drop dilution assay. 
Dilutions of L. monocytogenes strains 10403S (wt), ΔeslB(2), ΔeslB(1), ΔeslB(2) compl., ΔeslB(1) compl., ΔeslB(2) 
walRS216G, ΔeslB(2) walKH463D, ΔeslB(2) walKI583T, ΔeslB(2) cwlOR106H, ΔeslB(2) ftsEQ220- and ΔeslB(1) ftsXG253R were 
spotted on BHI plates, BHI plates containing 100 µg/ml lysozyme or containing 0.5 M sucrose and 0.025 
µg/ml penicillin G and were incubated at 37°C or on BHI plates that were incubated at 42°C. (B) Microscopy 
images of L. monocytogenes strains. Bacterial membranes were stained with nile red as described in the 
methods section. Scale bar is 2 µm. (C) Cell length of L. monocytogenes strains shown in panel B. The cell 
length of 50 cells per strain was determined and the median cell length calculated. The average values and 
standard deviations of three independent experiments are plotted. For statistical analysis, a one-way 

ANOVA coupled with a Dunnett‘s multiple comparison test was used (* p  0.05, **** p  0.0001).  

  

The observation that mutations accumulate in genes associated with CwlO led to the hypothesis 

that wildtype CwlO activity is toxic, due to the reduced peptidoglycan levels produced by the eslB 

mutant (Rismondo et al., 2021b). To confirm this hypothesis, an eslB cwlO double mutant was 

constructed, in which the expression of an ectopic copy of cwlO was placed under the control of 

an IPTG-inducible promoter. As expected, in the absence of the inducer, the eslB cwlO double 
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mutant was able to grow on BHI plates supplemented with sucrose and penicillin. In accordance 

to the results obtained for the suppressors, the growth of a strain lacking both, EslB and CwlO, 

was still impaired in the presence of lysozyme. Furthermore, individual deletion of either eslB or 

cwlO resulted in a severe growth defect at higher temperatures, while the eslB cwlO double 

mutant was able to grow in the absence of IPTG at 42°C. Induction of cwlO expression in strain 

10403S∆cwlO ∆eslB pIMK3-cwlO resulted in a growth defect under sucrose penicillin and under 

heat stress, which is comparable to that of the eslB mutant (Fig. 7A). Next, we studied the cell 

morphology of strains lacking CwlO, EslB or both. In accordance with previous studies investigating 

the function of CwlO in B. subtilis (Domínguez‐Cuevas et al., 2013; Meisner et al., 2013), the L. 

moncytogenes cwlO mutant formed slightly smaller, bent cells (Fig.7B-C). Cells lacking both, EslB 

and CwlO, were also shorter than cells of the L. monocytogenes wildtype 10403S, while induction 

of cwlO expression in strain 10403S∆cwlO ∆eslB pIMK3-cwlO resulted in the formation of 

elongated cells (Fig. 7B-C). Altogether, these findings support our hypothesis that the suppression 

of the eslB phenotypes in the cwlO, ftsE and ftsX suppressors is the result of an inactivation of the 

DL-endopeptidase CwlO. 

 

Suppression by inhibition of WTA biosynthesis 

In B. subtilis, WalRK does not only stimulate transcription of cwlO, but also of the tagAB and 

tagDEFGH operons, which encode proteins required for WTA biosynthesis and export (Howell et 

al., 2003). In L. monocytogenes 10403S, WTA is composed of a ribitol phosphate backbone, which 

is attached to a Glc-Glc-glycerol phosphate-GlcNAc-ManNAc linker unit and modified with GlcNAc, 

rhamnose and D-alanine residues (Brown et al., 2013; Shen et al., 2017). Thus, UDP-GlcNAc is 

consumed by several enzymes during WTA biosynthesis and modification. As mentioned above, 

we isolated suppressors containing mutations in lmo1077, encoding a TarL homolog, and the 

promoter region of the dlt operon (Table 1). TarL is a teichoic acid ribitol phosphate polymerase 

required for the polymerization of the ribitol phosphate backbone of WTA (Fig. 1)(Brown et al., 

2013). The dlt operon codes for proteins that are essential for the D-alanylation of WTA (Neuhaus 

and Baddiley, 2003; Perego et al., 1995; Rismondo et al., 2021a).  
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Figure 7 | Absence of CwlO suppresses most of the eslB phenotypes. (A) Drop dilution assay. Dilutions of 
L. monocytogenes strains 10403S (wt), ΔeslB(2), ΔcwlO and ΔcwlO ΔeslB pIMK3-cwlO were spotted on BHI 
plates, BHI plates containing 100 µg/ml lysozyme or containing 0.5 M sucrose and 0.025 µg/ml penicillin G 
and were incubated at 37°C or on BHI plates that were incubated at 42°C. For induction of cwlO expression, 
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the indicated plates were supplemented with 1 mM IPTG. (B) Microscopy images of L. monocytogenes 
strains. Bacterial membranes were stained with nile red as described in the methods section. Scale bar is 2 
µm. (C) Cell length of L. monocytogenes strains shown in panel B. The cell length of 50 cells per strain was 
determined and the median cell length calculated. The average values and standard deviations of three 
independent experiments are plotted. For statistical analysis, a one-way ANOVA coupled with a Dunnett‘s 

multiple comparison test was used (* p  0.05, **** p  0.0001). 

 
Figure 8A shows that the eslB mutant, which harbors a mutation in tarL, could grow again under 

sucrose penicillin and lysozyme stress, likely due to a reduction in WTA biosynthesis and 

potentially leading to an increase in the cellular UDP-GlcNAc pool, which can then be used by 

MurA. However, the tarL suppressor is unable to grow at 42°C. A similar phenotype could be 

observed when the L. monocytogenes wildtype strain 10403S is grown at 42°C on a plate 

containing high concentrations of tunicamycin, which inhibits TarO, the first enzyme required for 

WTA biosynthesis (data not shown). This indicates that the mutated TarL variant produced by the 

eslB suppressor strain 10403S∆eslB(3) tarLP282L has a reduced activity. To further test if inhibition 

of WTA biosynthesis is indeed beneficial for the eslB mutant, we grew the eslB mutant at 42°C on 

BHI plates containing different concentrations of tunicamycin. We could see partial suppression 

of the heat sensitivity at a tunicamycin concentration of 0.05 µg/ml and the eslB mutant grew 

comparable to the L. monocytogenes wildtype strain 10403S and the complementation strain on 

plates containing 0.5 µg/ml tunicamycin (Fig. S4). These results demonstrate that reduction of 

WTA biosynthesis leads to the suppression of the heat phenotype associated of the eslB mutant. 

Figure 8A further shows that the eslB suppressor strain, which harbors a mutation in the dlt 

promoter region, could grow again under all conditions tested. To assess what consequence the 

point mutation in the promoter region of the dlt operon has on gene expression, we place the 

promoterless lacZ gene under the control of the dlt promoter or the mutated dlt promoter found 

in suppressor strain 10403S∆eslB(3) Pdlt*. The lacZ promotor gene fusions were introduced into B. 

subtilis and β-galactosidase activities determined. This analysis showed that the mutation in the 

dlt promoter resulted in increased promoter activity and likely increased D-alanylation of teichoic 

acids in the suppressor strain (Fig. 8B). The D-alanylation state of teichoic acids is an important 

factor that impacts the bacterial cell surface charge (Vadyvaloo et al., 2004). As we isolated a 

suppressor that increased the expression of the dlt operon, we wondered, whether the surface 

charge of eslB mutant cells is altered. To test this, we determined the binding capability of 

positively charged cytochrome C to the cell surface of different L. monocytogenes strains, which 

serves as a readout of the bacterial surface charge (Peschel et al., 1999; Wecke et al., 1997). A 

strain lacking D-alanine residues on LTA and WTA due to a deletion of dltA was used as a control. 

As expected, the cell surface of the dltA mutant had a higher negative charge as compared to the 

L. monocytogenes wildtype strain 10403S. A similar result was observed for the eslB mutant. The 
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high negative surface charge of the eslB mutant could be partially rescued by the mutation in the 

dlt promoter, which is present in the eslB suppressor strain 10403SeslB Pdlt* (Fig. 8C). This result 

suggests that either the D-alanylation state of WTAs is altered in the absence of EslB or that the 

surface presentation of WTA is changed due to the production of a thinner peptidoglycan layer. 

 

 

Figure 8 | Suppression of eslB phenotypes by alterations in WTA biosynthesis and modification. (A) Drop 
dilution assay. Dilutions of L. monocytogenes strains 10403S (wt), ΔeslB(3), ΔeslB(3) compl., ΔeslB(3) tarLP282L 

and ΔeslB(3) Pdlt
* were spotted on BHI plates, BHI plates containing 100 µg/ml lysozyme or containing 0.5 M 

sucrose and 0.025 µg/ml penicillin G and were incubated at 37°C or on BHI plates that were incubated at 
42°C. (B) β-galactosidase assay. The dlt promoter of L. monocytogenes wildtype 10403S (Pdlt) and suppressor 
strain ΔeslB(3) Pdlt

* (Pdlt
*) were fused with lacZ and integrated into the amyE locus of Bacillus subtilis. The 

promoter activity was determined in Miller units as described in the methods section and the average and 
standard deviation of three independent experiments were plotted. An unpaired t-test was used for 

statistical analysis (**** p  0.0001). (C) Cytochrome C assay. Cells of L. monocytogenes strains 10403S, 
ΔeslB(3), ΔeslB(3) compl. and ΔeslB(3) Pdlt

* were incubated with cytochrome C as described in the methods 
section. The percentage of cytochrome C, which is bound by the cell surface, was calculated for three 
independent experiments and plotted. A strain lacking DltA was used as control. For statistical analysis, a 

one-way ANOVA coupled with a Dunnett‘s multiple comparison test was used (** p  0.01, **** p  0.0001). 
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Discussion 

In this study, we aimed to provide further insight into the connection between the predicted ABC 

transporter EslABC and peptidoglycan biosynthesis. Previous studies have shown that the deletion 

of eslB, coding for one of transmembrane components of the transporter, leads to a growth defect 

on sucrose containing media, the formation of elongated cells, the production of a thinner 

peptidoglycan layer, as well as sensitivity towards the natural antibiotic lysozyme and cationic 

antimicrobial peptides (Burke et al., 2014; Durack et al., 2015; Rismondo et al., 2021b), suggesting 

its involvement in peptidoglycan biosynthesis and cell division. It was proposed that the addition 

of Mg2+ rescues mutants with a defect in peptidoglycan biosynthesis by reducing the activity of 

peptidoglycan hydrolases (Tesson et al., 2022). In accordance with this, we observed a suppression 

of the eslB growth deficits under all conditions tested when an excess of Mg2+ was added. L. 

monocytogenes encodes several peptidoglycan hydrolases, including the DL-endopeptidase CwlO 

(Spl), the LytM-domain containing protein Lmo2504 and the two cell wall hydrolases NamA and 

CwhA (p60), which are required for daughter cell separation (Carroll et al., 2003; Pilgrim et al., 

2003). We have isolated several eslB suppressors, which carry mutations in cwlO or mutations in 

other genes, e.g. ftsE or ftsX, which affect CwlO activity. After depletion of CwlO, the eslB mutant 

was able to grow in otherwise non-permissive conditions, suggesting that the activity of CwlO 

might be deregulated in the eslB deletion strain or that the peptidoglycan of the eslB mutant is 

more sensitive to hydrolysis by CwlO. CwlO activity is controlled by a direct protein-protein 

interaction with the ABC transporter FtsEX (Meisner et al., 2013). It is thus tempting to speculate 

that the ABC transporter EslABC might also affect CwlO activity or localization of proteins involved 

in peptidoglycan biosynthesis and/or degradation. Interestingly, a strain lacking both EslB and 

CwlO is able to grow at elevated temperatures, while both single mutants are not able to grow 

under this condition.  

We could isolate eslB suppressor strains with mutations that are associated with 

stabilization of MurA, the UDP-GlcNAc 1-carboxyvinyltransferase responsible for the first step of 

peptidoglycan biosynthesis. Elevated levels of MurA, and thus, enhanced peptidoglycan 

biosynthesis could fully restore the phenotypic defects of the 10403S∆eslB strain. To identify the 

exact process of peptidoglycan biosynthesis, which is impaired in the eslB mutant, we performed 

a screen with antibiotics targeting different steps of this process. The absence of eslB only affected 

the resistance towards t-Cin and fosfomycin, which reduce the synthesis of UDP-GlcNAc and 

inhibit MurA, respectively (Marquardt et al., 1994; Pensinger et al., 2021; Sun et al., 2021). 

Surprisingly, we observed an increased resistance of the eslB mutant towards tunicamycin. The 

primary target of tunicamycin is TarO, the first enzyme of WTA biosynthesis, and, at high 
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concentrations, also MraY, which is responsible for the production of lipid I during peptidoglycan 

biosynthesis (Fig. 1)(Campbell et al., 2011; Hakulinen et al., 2017; Price and Tsvetanova, 2007; 

Watkinson et al., 1971). During WTA biosynthesis, UDP-GlcNAc is used for the synthesis of the 

linker unit and for the modification of the WTA backbone (Eugster et al., 2015; Rismondo et al., 

2018; Shen et al., 2017). Thus, reducing the production of WTA could increase the availability of 

UDP-GlcNAc for peptidoglycan biosynthesis and therefore support the growth of the eslB mutant 

under non-permissive conditions. In accordance with this, we observed a partial suppression of 

the eslB phenotypes by the overproduction of GlmM and GlmR, two enzymes required for the 

synthesis of UDP-GlcNAc (Pensinger et al., 2021). These results suggest that either the production 

or distribution of UDP-GlcNAc as a substrate between different pathways might be disturbed in 

the eslB mutant.  

Cell wall stability depends on the balance between peptidoglycan biosynthesis and 

hydrolysis. An imbalance of one of these processes results in rapid cell lysis (Sassine et al., 2020). 

Recent studies suggest that new peptidoglycan precursors are inserted into the growing glycan 

chains by the Rod system, which is composed of several enzymes. In contrast, class A PBPs are 

thought to fill gaps and/or repair cell wall defects (Cho et al., 2016; Dion et al., 2019; Vigouroux et 

al., 2020). It was recently shown that enhanced endopeptidase activity leads to the activation of 

class A PBPs in E. coli (Lai et al., 2017). A similar mechanism seems to exist in B. subtilis, as either 

inactivation of PBP1 or inhibition of peptidoglycan hydrolases by the addition of Mg2+ suppresses 

growth and morphological defects of an mreB mutant (Tesson et al., 2022). In accordance with 

this, we also observed suppression of the heat sensitivity of the eslB mutant in presence of 

moenomycin, which specifically inhibits the glycosyltransferase activity of class A PBPs (Ostash 

and Walker, 2010; Van Heijenoort et al., 1978). In our suppressor screen, we identified a strain 

carrying a mutation in the dlt promoter region, which leads to an overproduction of the Dlt 

enzymes. These enzymes are required for the modification of teichoic acids (TAs) with D-alanines 

(Neuhaus and Baddiley, 2003; Percy and Gründling, 2014; Rismondo et al., 2021a). The 

modification of TAs with D-alanine residues leads to a reduction in the negative surface charge 

and affects the activity of peptidoglycan hydrolases (Brown et al., 2013; Tesson et al., 2022; 

Vadyvaloo et al., 2004). Furthermore, lack of D-alanine modifications of TAs was shown to increase 

lysozyme sensitivity in Staphylococcus aureus (Herbert et al., 2007). Interestingly, the cell surface 

of the eslB mutant is more negatively charged, similar to that of a strain lacking D-alanine 

modifications on TAs. Based on our results, we propose the following model: The absence of EslB 

seems to affect the production and/or distribution of UDP-GlcNAc between different pathways, 

leading to the production of a thinner peptidoglycan layer. The reduced peptidoglycan thickness 
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could subsequently result in the presentation of a larger portion of WTA on the bacterial cell 

surface, which would explain the higher negative surface charge (Fig. 9). This higher negative 

surface charge would enhance the binding capability and/or activity of cationic antimicrobial 

peptides, lysozyme as well as peptidoglycan hydrolases (Low et al., 2011; Neuhaus and Baddiley, 

2003; Ragland and Criss, 2017; Steudle and Pleiss, 2011; Weidenmaier et al., 2003) and 

furthermore explain the sensitivity of the eslB mutant towards CwlO activity, lysozyme and 

cationic antimicrobial peptides (Burke et al., 2014; Rismondo et al., 2021b). 

 

 

Figure 9 | Model of altered WTA presentation on the cell surface of an eslB mutant. The gram-positive cell 
wall is composed of a thick layer of peptidoglycan (PG) and wall teichoic acids (WTA), which are attached to 
the MurNAc-moiety of the PG backbone (Brown et al., 2013). WTA of L. monocytogenes 10403S are 
composed of a negatively charged ribitol phosphate backbone (indicated by -), which can be modified with 
GlcNAc residues (blue hexagons) and positively charged D-alanine residues (indicated by +). The absence of 
EslB seems to affect the production and/or distribution of the PG precursor UDP-GlcNAc between different 
pathways, which results in the production of a thinner PG layer. WTAs are thought to partially stick out of 
the PG layer and we propose that due to the thinner PG layer produced by the eslB mutant, a larger portion 
of the WTA backbone, which is negatively charged, could be presented on the bacterial cell surface. This 
would result in a higher negative cell surface charge of the eslB mutant, which would affect the binding 
capability and/or activity of PG hydrolases, lysozyme and cationic antimicrobial peptides (Low et al., 2011; 
Ragland and Criss, 2017; Steudle and Pleiss, 2011; Weidenmaier et al., 2003). 

 

The essential two-component system WalRK stimulates the transcription of several peptidoglycan 

hydrolases in gram-positive bacteria (Delaune et al., 2011; Delauné et al., 2012; Dubrac et al., 

2008; Dubrac and Msadek, 2004; Howell et al., 2003). In B. subtilis, WalRK also regulates the 

expression of genes involved in WTA biosynthesis and export (Howell et al., 2003). The regulon of 

the WalRK system has not yet been determined for L. monocytogenes, however, it was shown that 

the system is essential (Fischer et al., 2022). Inactivation of WalRK usually leads to cell death of 

wildtype cells due to loss of peptidoglycan hydrolase activity, however, cell death could be 

prevented by the inhibition of peptidoglycan biosynthesis (Salamaga et al., 2021). We have 

isolated several eslB suppressors with mutations in walR and walK. As it is unlikely that all of these 
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mutations are gain-of-function mutations, we hypothesize that these mutations result in a 

reduced activity of the WalRK system. This would lead to a reduced peptidoglycan hydrolase 

activity as well as a reduction in WTA content, and reduction of the latter would at least partially 

restore the bacterial cell surface charge of the eslB mutant.  

Taken together, we could show that the lack of EslB results in a defect in peptidoglycan 

biosynthesis, which can be suppressed by modulating the activity of enzymes involved in either 

peptidoglycan biosynthesis or hydrolysis. Our results suggest that the production or distribution 

of the peptidoglycan precursor UDP-GlcNAc between different pathways might be disturbed in 

the eslB mutant. Further studies are required to prove this hypothesis and to determine the 

function of the ABC transporter EslABC. 
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Figure S1 |  Magnesium rescues growth deficits of the eslB mutant. 

Figure S2 | Resistance of L. monocytogenes strains towards cell wall-targeting 

antibiotics. 

Figure S3 | Overexpression of glmM and glmR leads to partial suppression of eslB 

phenotype. 

Figure S4 | Chemical inactivation of TarO partially rescues heat sensitivity of the eslB 

mutant.  
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Abstract 

Listeria monocytogenes is ubiquitously found in nature and can easily enter food-processing 

facilities due to contaminations of raw materials. Several countermeasures are used to combat 

contamination of food products, for instance the use of disinfectants that contain quaternary 

ammonium compounds, such as benzalkonium chloride (BAC) and cetyltrimethylammonium 

bromide (CTAB). In this study, we assessed the potential of the commonly used wildtype strain 

EGD-e to adapt to BAC and CTAB under laboratory growth conditions. All BAC-tolerant suppressors 

exclusively carried mutations in fepR or its promoter region likely resulting in the overproduction 

of the efflux pump FepA. In contrast, CTAB-tolerance was associated with mutations in sugR, 

which regulates the expression of the efflux pumps SugE1 and SugE2. L. monocytogenes strains 

lacking either FepA or SugE1/2 could still acquire tolerance towards BAC and CTAB. Genomic 

analysis revealed that the overproduction of the remaining efflux system could compensate for 

the deleted one. Even in the absence of both efflux systems, tolerant strains could be isolated, 

which all carried mutations in the diacylglycerol kinase encoding gene lmo1753 (dgkB). DgkB 

converts diacylglycerol to phosphatidic acid, which is subsequently re-used for the synthesis of 

phospholipids suggesting that alterations in membrane composition could be the third adaptation 

mechanism. 

 

Originality-Significance Statement 

Survival and proliferation of Listeria monocytogenes in the food industry is an ongoing concern, 

and while there are various countermeasures to combat contamination of food products, the 

pathogen still successfully manages to withstand the harsh conditions present in food-processing 

facilities, resulting in reoccurring outbreaks, subsequent infection, and disease. To counteract the 

spread of L. monocytogenes it is crucial to understand and elucidate the underlying mechanism 

that permit their successful evasion. We here present various adaptation mechanisms of L. 

monocytogenes to withstand two important quaternary ammonium compounds. 
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Introduction 

Listeria monocytogenes is one of the most successful foodborne pathogens worldwide. In high-risk 

groups such as immunocompromised individuals, the elderly, or pregnant women, an infection can 

cause invasive listeriosis, resulting in a hospitalization rate of ~95% and a fatality rate of ~13% 

(Allerberger and Wagner 2010; EFSA and ECDC 13/12/2022). Due to its ability to persist in a wide 

range of environmental stresses found in the food-processing industry, infection of L. monocytogenes 

is often associated with ingestion of contaminated ready-to-eat foods, such as ice cream (Rietberg et 

al. 2016), cheese (Carlin et al. 2022), or processed meat (Thomas et al. 2020). The pathogen does not 

only pose a threat due to its ability to withstand common stresses such as extreme temperatures, pH, 

or high salt concentrations (up to 20%), but also due to its potential to adapt to biocides that are 

commonly found in disinfectants or sanitizers used in food-processing plants (Osek et al. 2022). The 

most frequently used antimicrobial components in disinfectants are a mixture of quaternary 

ammonium compounds (QACs) that are characterized by its ammonium ion linked to either an alkyl 

or aryl group. The chain length of QACs determines the antimicrobial potency, hence, a length of C14 

or C16 are ideally used against gram-positive and gram-negative bacteria, respectively (Zinchenko et 

al. 2004). L. monocytogenes strains with decreased sensitivity to QACs have been isolated from 

different locations around the world (Aase et al. 2000; Romanova et al. 2006; Romanova et al. 2002; 

Soumet et al. 2005; Meier et al. 2017; Lundén et al. 2003; To et al. 2002). This adaptation frequently 

resulted in cross-adaptation to other disinfectants and antimicrobial agents such as gentamycin, 

kanamycin or ciprofloxacin (Lundén et al. 2003; Romanova et al. 2006; Guérin et al. 2021; Aase et al. 

2000; Guérin et al. 2014; Rakic-Martinez et al. 2011; Bland et al. 2022), emphasising the importance 

of elucidating the underlying genetic basis. Two of the most extensively used QACs are benzalkonium 

chloride (BAC) and cetyltrimethylammonium bromide (CTAB) (Jiang et al. 2016; Martínez-Suárez et al. 

2016). While a variety of different mechanisms have been linked to increased tolerance towards BAC 

in isolated L. monocytogenes strains, as far as we know, no previous research has investigated the 

underlying genetics of CTAB tolerance, which is often merely mentioned in association with cross-

adaptation towards BAC (Jiang et al. 2020; Müller et al. 2013; Müller et al. 2014). 

Several factors have been identified in L. monocytogenes strains isolated from food-processing 

facilities that are associated with the presence or overexpression of efflux systems that aid in 

extruding the toxic compounds from the intracellular space. Determinants for BAC tolerance are often 

found on genetic elements, and include genes encoding efflux pumps such as qacH, located on the 

transposon Tn6188 (Müller et al. 2013; Müller et al. 2014), emrE, located on the genomic island LGI1 
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(Kovacevic et al. 2016), or bcrABC, which encodes the TetR-family transcriptional regulator BcrA and 

two small multidrug resistance (SMR) efflux pumps, BcrB and BcrC (Elhanafi et al. 2010; Dutta et al. 

2013; Minarovičová et al. 2018). The sugRE1E2 operon (short: sug operon) was analysed as a 

chromosomal counterpart of bcrABC in the laboratory wildtype strain EGD-e and was correspondingly 

found to be important for tolerance towards QACs such as BAC and CTAB. The genes of the sug operon 

code for the TetR-family regulator SugR and the two SMR efflux pumps SugE1 and SugE2. The self-

repressor SugR negatively regulates the operon in the absence of BAC and accordingly, both SugE1 

and SugE2 showed increased expression in the presence of the QAC (Jiang et al. 2020). In addition, 

several studies showed increased expression of the major facilitator superfamily transporter MdrL in 

isolated, as well as, BAC-adapted L. monocytogenes strains, suggesting a direct contribution of this 

transporter to BAC tolerance (Yu et al. 2018; Romanova et al. 2006). However, a clean deletion of the 

transporter in EGD-e only resulted in a growth defect in the presence of BAC, but no change in the 

minimal inhibitory concentration (MIC). Additionally, its role in export of cefotaxime and EtBr that 

was previously described, could not be confirmed for the laboratory model strain (Mata et al. 2000; 

Jiang et al. 2019b). It has to be mentioned that the tolerance in isolated or adapted L. monocytogenes 

strains was often transient and lost after passaging the strains in the absence of QAC stress. In 

contrast, the chromosomally encoded multidrug and toxic compound (MATE) efflux pump FepA was 

recently identified as the dominant, stable mode of tolerance for BAC in a screen of over 60 serial 

adapted produce-associated L. monocytogenes and other Listeria spp. strains (Bolten et al. 2022). An 

independent study of biocide-adapted strains further supported these findings by showing that 94% 

of the adapted strains possessed mutations in the gene coding for the TetR-like transcriptional 

regulator FepR that was previously shown to repress its own expression and the expression of the 

efflux pump encoding gene fepA (Douarre et al. 2022). The identified mutations in fepR were thus 

proposed to increase expression of FepA, resulting in enhanced tolerance towards BAC, as well as 

norfloxacin and ciprofloxacin (Guérin et al. 2014).  

Here we show that the laboratory wildtype strain EGD-e readily acquires stable mutations in the 

transcriptional regulator fepR and that the successional overexpression of the efflux pump FepA is 

responsible for the increased tolerance towards BAC, CTAB, ciprofloxacin and gentamycin. We further 

successfully evolved suppressors in presence of CTAB which exclusively carried mutations in the TetR-

like transcriptional regulator sugR resulting in the overexpression of the SMR efflux pumps SugE1 and 

SugE2. L. monocytogenes strains lacking either fepA or sugE1/2 could still acquire tolerance towards 

CTAB and BAC by overexpressing the remaining efflux system. In addition, we could further evolve 
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BAC- and CTAB-tolerant strains in the absence of the two major QAC efflux systems, which acquired 

mutations in a putative diacylglycerol kinase.  

 

Materials and Methods 

Bacterial strains and growth conditions. All strains and plasmids used in this study are listed in Table 

S1. Escherichia coli strains were grown in lysogeny broth (LB) medium and L. monocytogenes strains 

in brain heart infusion (BHI) medium at 37°C unless otherwise stated. If appropriate, antibiotics and 

supplements were added to the medium at the following concentrations: for E. coli cultures ampicillin 

(Amp) at 100 µg ml-1, kanamycin (Kan) at 50 µg ml-1, and for L. monocytogenes strains, 

chloramphenicol (Cam) at 7.5 µg ml-1, Kan at 50 µg ml-1, erythromycin (Erm) at 5 µg ml-1 and IPTG at 1 

mM.  

Strain and plasmid construction. All primers used in this study are listed in Table S2. For the 

markerless in-frame deletion of fepA (lmo2087) and sugE1/2 (lmo0853-lmo0854), approximately 1-kb 

DNA fragments up- and downstream of the fepA gene were amplified by PCR using the primer pairs 

LMS484/LMS485 and LMS486/LMS487 (fepA) and JR247/JR248 and JR249/JR250 (sugE1/2). The 

resulting PCR products were fused in a second PCR using primers LMS485/LMS487 (fepA) and 

JR247/JR250 (sugE1/2). The products were cut with KpnI and SalI and ligated into pKSV7 that had 

been cut with the same enzymes. The resulting plasmids pKSV7-ΔfepA and pKSV7-ΔsugE1/2 were 

recovered in E. coli XL1-Blue, yielding strains EJR230 and EJR229, respectively. Plasmids pKSV7-ΔfepA 

and pKSV7-ΔsugE1/2 were transformed into L. monocytogenes EGD-e and the genes deleted by allelic 

exchange according to a previously published method (Camilli et al. 1993) yielding strains EGD-e ΔfepA 

(LJR261) and EGD-e ΔsugE1/2 (LJR262), respectively. For the construction of the ΔfepAΔsugE1/2 

double deletion strain, plasmid pKSV7-ΔsugE1/2 was transformed into EGD-e ΔfepA and sugE1/2 was 

deleted by allelic exchange, resulting in strain LJR329. For the construction of pIMK3-fepA and pIMK3-

sugE1/2, the fepA and sugE1/2 genes were amplified using the primer pairs LMS478/LMS479 and 

JR262/JR263, respectively. Fragments were cut with enzymes NcoI and SalI and ligated into plasmid 

pIMK3 that had been cut with the same enzymes. The resulting plasmids pIMK3-fepA and pIMK3-

sugE1/2 were recovered in E. coli XL10-Gold yielding strains EJR227 and EJR259, respectively. Both 

plasmids were transformed into L. monocytogenes strain EGD-e, resulting in the construction of 

strains LJR231 and LJR301, respectively, in which the expression of fepA and sugE1/2 is under the 

control of an IPTG-inducible promoter. For the construction of a fepA complementation strain, 

plasmid pIMK3-fepA was transformed into EGD-e ΔfepA yielding strain LJR265.  
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For the construction of pWH844-fepA, the fepA gene was amplified with primer pairs FD1/FD2 using 

EGD-e wild type DNA or the DNA of suppressor strain LJR218 as template. The PCR fragments were 

digested with BamHI and SalI and ligated into pWH844 that had been cut with the same enzymes. The 

resulting plasmids pWH844-fepRWT and pWH844-fepRL24F were recovered in XL10-Gold, yielding 

strains EJR242 and EJR248, respectively.  

For the construction of promoter lacZ fusions, the promoter region of fepR was amplified with primers 

FD5 and FD6 using genomic DNA of the L. monocytogenes wildtype strain EGD-e or the BAC-tolerant 

strains EGD-e PfepR
G-27T (LJR188) or EGD-e PfepR

A-33G (LJR215) as template DNA. The PCR fragments were 

digested with BamHI and SalI and ligated into plasmid pPL3e-lacZ, which contains the promoter-less 

lacZ gene. The resulting plasmids pPL3e-PfepR-lacZ, pPL3e-PfepR
G-27T-lacZ and pPL3e-PfepR

A-33G-lacZ were 

recovered in E. coli DH5α yielding strains EJR257, EJR258 and EJR260, respectively. Plasmids pPL3e-

PfepR-lacZ, pPL3e-PfepR
G-27T-lacZ and pPL3e-PfepR

A-33G-lacZ were subsequently transformed into EGD-e 

yielding strains EGD-e pPL3e-PfepR-lacZ (LJR336), EGD-e pPL3e-PfepR
G-27T-lacZ (LJR302) and EGD-e pPL3e-

PfepR
A-33G-lacZ (LJR303). 

 

Generation of suppressors and whole genome sequencing. For the generation of BAC-adapted 

suppressors, stationary or exponentially grown EGD-e cultures were selected on BHI plates containing 

4 µg ml-1 or 6 µg ml-1 BAC. For the stationary grown EGD-e cultures, overnight cultures were adjusted 

to an OD600 of 0.1 and 100 µl were plated on BHI plates containing 4 µg ml-1 BAC. For exponentially 

grown cultures, overnight cultures of EGD-e were adjusted to an OD600 of 0.1 and grown until they 

reached an OD600 of 0.3-0.5. Cultures were then adjusted to an OD600 of 0.1 and 100 µl were plated 

on BHI plates containing 4 µg ml-1 and 6 µg ml-1 BAC. The plates were incubated at 37°C overnight and 

single colonies were re-streaked twice on 4 µg ml-1 and 6 µg ml-1 BAC, respectively. For adaptation of 

the wildtype strain to CTAB, as well as EGD-e ΔfepA, EGD-e ΔsugE1/2 and EGD-e ΔfepA ΔsugE1/2 to 

BAC and CTAB, overnight cultures of the different strains were adjusted to an OD600 of 0.1 and grown 

to an OD600 of 0.3-0.5. Cultures were adjusted again to an OD600 of 0.1 and 100 µl were plated on BHI 

plates supplemented with 4 µg ml-1, 5 µg ml-1 or 6 µg ml-1 BAC and 2 µg ml-1 or 4 µg ml-1 CTAB. Plates 

were incubated at 37°C overnight or in the case of EGD-e ΔfepA and EGD-e ΔfepA ΔsugE1/2 in 

presence of BAC for 2 days. Again, single colonies were re-streaked twice on BHI plates supplemented 

with the selective pressure they were originally isolated from. Genomic DNA of a selection of BAC- 

and CTAB-adapted strains was isolated and either pre-screened for mutations in fepR or sugR, or send 

to SeqCoast Genomics (Portsmouth, NH, United States) for whole genome sequencing (WGS). The 
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genome sequences were determined by short read sequencing (150-bp paired end) using an Illumina 

MiSeq system (San Diego, CA, United States). The reads were trimmed and mapped to the L. 

monocytogenes EGD-e reference genome (NC_003210) using the Geneious prime v.2021.0.1 

(Biomatters Ltd., New Zealand). Single nucleotide polymorphisms (SNPs) with a variant frequency of 

at least 90% and a coverage of more than 25 reads were considered as mutations. All identified 

mutations were verified by PCR amplification and Sanger sequencing. 

 

Drop dilution assay. Overnight cultures of the indicated L. monocytogenes strains were adjusted to 

an OD600 of 1. IPTG and Kan were supplemented to the overnight cultures of strains carrying pIMK3-

plasmids. 5 µl of serial dilutions of each culture were spotted on BHI agar plates, BHI agar plates 

containing 4 µg ml-1 BAC, 6 µg ml-1 BAC, 2 µg ml-1 CTAB, 4 µg ml-1 CTAB, 1 µg ml-1 ciprofloxacin, 0.5 µg 

ml-1 gentamycin, or 1 µg ml-1 cefuroxime. Where indicated, plates were supplemented with 1 mM 

IPTG. Images of plates were taken after 20-24 h of incubation at 37°C. Drop dilution assays were 

repeated at least three times.  

 

Ethidium bromide assay. The ethidium bromide assay was performed as previously described with 

minor modifications (Kaval et al. 2015). Briefly, overnight cultures of the indicated L. monocytogenes 

strains were diluted to an OD600 of 0.05 in fresh BHI medium and grown until an OD600 of 0.4-0.6. Cells 

of 2 ml were harvested by centrifugation at 1,200 x g for 5 min, washed once in 1 ml PBS buffer (pH 

7.4) and finally re-suspended in 1 ml PBS buffer (pH 7.4). Next, the OD600 of each sample was adjusted 

to 0.3 in PBS (pH 7.4) and 180 µl transferred into the wells of a black 96-well plate. 20 µl of 50 µg ml-

1 ethidium bromide was added to each well and the absorbance was measured using the SynergyTM 

Mx microplate reader (BioTek) at 500 nm excitation and 580 nm emission wavelengths for 50 min.  

 

Expression and purification of His-FepR. For the overexpression of His-FepR and His-FepRL24F, 

plasmids pWH844-fepR and pWH844-fepRL24F were transformed into E. coli strain BL21 and the 

resulting strains grown in LB broth supplemented with Amp at 37°C. At an OD600 of 0.6-0.8, the 

expression of his-fepR and his-fepRL24F was induced by the addition of 1 mM IPTG and the strains were 

grown for another 2 h at 37°C. Cells were collected by centrifugation at 11,325 x g for 10 min, washed 

once with 1x ZAP buffer (50 mM Tris-HCl, pH 7.5, 200 mM NaCl) and the cell pellet stored at -20°C 

until further use. The cell pellets were re-suspended in 1x ZAP buffer and cells passaged three times 

(18,000 lb/in2) through an HTU DIGI-F press (G. Heinemann, Germany). The cell debris was 
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subsequently collected by centrifugation at 46,400 x g for 30 min. The supernatant was subjected to 

a Ni2+ nitrilotriacetic acid column (IBA, Göttingen, Germany) and His-FepA and His-FepAL24F were 

eluted using an imidazole gradient. Elution fractions were analysed by SDS-PAGE and selected 

fractions subsequently dialysed against 1x ZAP buffer with a spatula pinch of EDTA at 4°C overnight. 

Protein concentrations were determined by a Bradford protein assay (Bradford 1976) using the Bio-

Rad protein assay dye reagent concentrate. Bovine serum albumin was used for a standard curve. The 

protein samples were stored at 4°C until further use. Two independent purifications were performed 

for each protein. 

 

Electrophoretic mobility shift assay (EMSA). EMSAs were performed as described elsewhere with 

minor modifications (Dhiman et al. 2014). Briefly, a 150 bp-DNA fragment containing the fepR 

promoter was amplified using primers FD3 and FD4 from genomic DNA isolated from the wildtype 

strain EGD-e or EGD-e PfepR
G-27T (LJR188) and EGD-e PfepR

A-33G (LJR215). For the comparison of the 

binding abilities of His-FepR and His-FepRL24F to the fepR promoter, 25, 50 and 100 pmol of each 

protein were mixed with 250 pmol fepR promotor DNA. To compare the binding ability of His-FepR to 

the wildtype and the mutated fepR promoters, 25, 50 and 100 pmol of His-FepR were mixed with 

250 pmol DNA of either the wildtype or the mutated fepR promoters. Apart from DNA and protein, 

20 µl binding reactions contained 1 µl of DNA loading dye (50% glycerol, 0.1% bromophenol blue, 1x 

TAE, H2O), 50 mM NaCl, 2 µl 10x Tris-acetate buffer (250 mM Tris-base in H2O, set to pH 5.5 with acetic 

acid), 0.15 mM bovine serum albumin, 2.5 mM EDTA, 10% glycerol and 20 mM DTT. The samples were 

incubated for 5 min at 25°C and subsequently separated on 8% native Tris-acetate gels (6% polyacrylic 

acid, 1x Tris-acetate buffer, 0.15% ammonium persulfate, 0.83% tetramethylethylenediamine) in 0.5x 

TBE-buffer (0.5 M Tris base, 0.5 M boric acid, 1 mM Na2EDTA, pH 10). A pre-run of the gels was 

performed for 90 min at 50 V before the samples were loaded. The run was performed at 50 V for 

2.5 h. The gels were stained in 50 ml 0.5x TBE-buffer containing 5 µl HDGreenTM Plus DNA dye (INTAS, 

Göttingen, Germany) for 5 min and washed for 5 min with 0.5x TBE-buffer, rinsed three times with 

water and then washed with water for 30 min. The DNA bands were visualized using a Gel DocTM XR+ 

(Bio Rad, Munich, Germany). 

 

β-galactosidase assays. For the comparison of the activity of the wildtype and mutated fepR 

promoters, overnight cultures (supplemented with Erm) of the indicated L. monocytogenes strains 

were diluted to an OD600 of 0.05 in BHI medium and grown for 5 h at 37°C. To determine the response 
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of the fepR promoter to BAC, overnight cultures of EGD-e PfepR-lacZ were diluted to an OD600 of 0.05 

in BHI medium and grown at 37°C to an OD600 of 0.5 (± 0.05). The culture was divided into two flasks 

and incubated for an additional 2 h at 37°C in the presence of 2.5 µg ml-1 BAC or in the absence of 

BAC. The final OD600 was measured for all cultures prior sample collection. For both assays, 1 ml of the 

corresponding cultures were collected, re-suspended in 100 µl ABT buffer (60 mM K2HPO4, 40 mM 

KH2PO4, 100 mM NaCl, 0.1% Triton X-100; pH 7), snap-frozen in liquid nitrogen and stored at -80°C 

until further use. The sample preparation was performed as described previously (Gründling et al. 

2004; Rismondo et al. 2019). Briefly, samples were thawed, and 10-fold dilutions were prepared in 

ABT buffer. 50 µl of each dilution were mixed with 10 µl of 0.4 mg ml-1 4-methyl-umbelliferyl-β-D-

galactopyranoside (MUG) substrate (Merck, Darmstadt, Germany) that was prepared in dimethyl 

sulfoxide (DMSO) and incubated for 60 min at room temperature in the dark. A reaction containing 

ABT buffer and the MUG substrate was used as negative control. After the incubation time, 20 µl of 

each reaction were transferred into the wells of a black 96-well plate containing 180 µl ABT buffer 

and fluorescence values were determined using SynergyTM Mx microplate reader (BioTek) at 366 nm 

excitation and 445 nm emission wavelengths. A standard curve was obtained using 0.015625 µM to 4 

µM of the fluorescent 4-methylumbelliferone (MU) standard. β-galactosidase units, or MUG units, 

were calculated as (pmol of substrate hydrolysed x dilution factor)/(culture volume in ml x OD600 x 

reaction time in minutes). The amount of hydrolysed substrate was determined from the standard 

curve as (emission reading – y intercept)/slope.  

 

Results 

Isolation of BAC-tolerant L. monocytogenes strains 

The L. monocytogenes wildtype strain EGD-e was propagated on BHI agar plates supplemented with 

BAC to obtain genetically adapted strains. The wildtype strain could still grow in presence of 2 µg ml-

1 BAC but was unable to grow on BHI agar plates containing higher BAC concentrations. However, 

single colonies appeared on plates containing 4 and 6 µg ml-1 BAC after 24 h, which likely acquired 

mutations to cope with the BAC stress. Since previous studies revealed that BAC-adapted 

L. monocytogenes isolates frequently mutate fepR, encoding the transcriptional regulator FepR, we 

first amplified the fepR gene and the fepR promoter region and analysed the sequence using Sanger 

sequencing. Indeed, all adapted strains acquired mutations in fepR or its promoter region (Fig. 1). The 

transcriptional regulator FepR possesses a helix-turn-helix (HTH) domain between residues 23 and 42, 

which is required for DNA binding. In addition, a putative substrate binding pocket was predicted to 
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be located in the vicinity of residues 60, 100, 101, 104, 105, 119, 123, 126, 156, 159, 160 and 163 

(Douarre et al. 2022). We identified seven BAC-tolerant strains with point mutations, amino acid 

insertions or deletions in the DNA binding site (S23L, L24F, INS29DIA, 45-46) and two with mutations 

or amino acid deletions in the putative substrate binding site (V115D, 99). Nine BAC-tolerant strains 

had mutations leading to a frameshift or the production of a truncated FepR protein (M126fs, W137fs, 

N170fs, Q140*, Y155*, G157*). We additionally isolated two suppressors that had base exchanges is 

the promoter region of the fepRA operon (G-27T and A-33G). All these mutations likely result in a 

reduced binding activity of the regulator or a decreased or abolished activity of FepR.  

 

Figure 1 | Mutations in the transcriptional regulator encoding gene fepR. A Genetic organization of the fepRA 
operon in L. monocytogenes EGD-e. The fepRA operon is composed of genes coding for the transcriptional 
regulator FepR and the MATE efflux pump FepA. The predicted promoter region is displayed along with the -10 
and -35 regions (underlined). The base exchanges of the two suppressors in the fepR promoter are shown in 
grey. B The dimeric protein structure of the transcriptional regulator FepR (PDB: 5ZTC) was modified using 
Geneious Prime® v.2021.0.1. Single monomers are depicted in dark grey and cyan. Mutated amino acids are 
shown in magenta. Mutations leading to a stop codon are indicated with an asterisk and frameshift mutations 

are abbreviated with an fs. Amino acid insertions are indicated by INS and deletion by the  symbol. 
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For further analysis, we focussed on the BAC-tolerant strains EGD-e fepRQ140*, EGD-e fepRV115D and 

EGD-e fepRL24F. The TetR-family transcriptional regulator FepR represses the expression of the MATE 

family efflux pump FepA (Guérin et al. 2014). Hence, loss of function of the regulator subsequently 

leads to enhanced fepA expression. To verify that overproduction of FepA results in increased 

tolerance towards BAC, the IPTG-inducible plasmid pIMK3-fepA was constructed and introduced into 

the wildtype strain (fepR+). In addition, a fepA deletion strain (ΔfepA) was constructed to determine 

its tolerance towards BAC. Indeed, drop dilution assays revealed that while the deletion of fepA led 

to slightly increased susceptibility towards BAC, overexpression of the transporter led to a significant 

increase in BAC tolerance, similar to that of the three selected fepR mutant strains (Fig. 2). 

 

Figure 2 | Increased BAC-tolerance of fepR suppressors Drop dilution assays of L. monocytogenes strains EGD-
e (wt), the fepA deletion strain LJR261 (ΔfepA), a wt strain containing the IPTG-inducible pIMK3-fepA plasmid 
LJR265 (fepA+), and the suppressor mutants LJR208 (fepRQ140*), LJR211 (fepRV115D) and LJR218 (fepRL24F). Cells 
were propagated on BHI plates or BHI plates containing 4 and 6 µg ml-1 BAC and plates incubated overnight at 
37°C. Plates were supplemented with 1 mM IPTG to induce expression of FepA in the fepA+ strain. A 
representative image of at least three biological replicates is shown.  

 

Mutations in FepR alter DNA binding 

According to structure predictions, the HTH motif of FepR, which is required for the interaction with 

DNA, is located between residues 23 and 42. Hence, we assumed that the mutation L24F has a 

negative effect on DNA binding by FepR. EMSA assays were performed to assess if DNA binding of 

FepRL24F to the promoter region of the fepRA operon is altered. Indeed, in the concentration range 

used, no DNA-protein complexes could be detected for FepRL24F in comparison to FepRwt (Fig. 3A), 

indicating that the mutation L24F decreased DNA binding affinity of FepR. Binding of the two proteins 

to an unspecific DNA sequence from within the operon was not observed (Fig. 3A). We then tested 

the binding affinity of FepRwt to the mutated promoter regions of the fepRA operon of the BAC-

tolerant strains EGD-e PfepR
G-27T and EGD-e PfepR

A-33G. The base exchange from G to T 27 bp upstream of 

the start codon completely abolished binding of FepRwt at the tested protein concentrations (Fig. 3B). 
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Figure 3 | Interaction of FepR with the fepRA promoter and PfepR promoter activity A Increasing concentrations 
of recombinant His-FepRwt (lane 5-7) or His-FepRL24F (lane 8-10) were incubated with a 150-bp fragment 
containing the promoter of the fepRA operon. B Increasing concentrations of FepRwt were incubated with either 
the wildtype promoter region (PfepR

wt) or the promoter region with a base exchange from G to T 27 bp upstream 
of the ATG (PfepR

G-27T). C Incubation of FepRwt with either PfepR
wt or the promoter region with a base exchange 

from A to G 33 bp upstream of the ATG (PfepR
A-33G). A short DNA sequence amplified from within the operon was 
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incubated with 100 pmol FepRwt or FepRL24F and was included on each gel to exclude unspecific binding of the 
two proteins (US). Reactions without protein were used as an additional control (-). D-E Promoter activity assays. 
D EGD-e pPL3e-PfepR

wt-lacZ, EGD-e pPL3e-PfepR
A-33G-lacZ and EGD-e pPL3e-PfepR

G-27T-lacZ were grown for 5 h in BHI 
medium and the promoter activity determined by β-galactosidase activity assays as described in the materials 
and methods section. Log10 of the MUG units are plotted to visualize the values obtained for EGD-e pPL3e-
PfepR

wt-lacZ. E Bacteria from a mid-logarithmic culture of strain EGD-e pPL3e-PfepR
wt-lacZ were grown for 2 h in 

the presence or absence of 2.5 µg ml-1 BAC. The PfepR promoter activity was determined by β-galactosidase 
activity assays as described in the materials and methods section. For statistical analysis, one-way ANOVA 
coupled with Dunnett’s multiple comparison test was performed (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001).  

 

Likewise, decreased binding affinity of FepRwt was observed, when the promoter region contained an 

A to G substitution 33 bp before the start codon, but to a lesser extend then the G-27T promoter 

mutation (Fig. 3C). We further compared the promoter activity of the wildtype and mutated fepR 

promoters and determined their response to subinhibitory concentrations of BAC using β-

galactosidase activity assays. Both PfepR
G-27T and PfepR

A-33G showed significantly increased promoter 

activity in comparison to the wildtype promoter (Fig. 3D). PfepR
G-27T hereby showed a higher activity 

than PfepR
A-33G, which is in accordance with the difference in FepR binding capability (Fig. 3B-D). 

Increased β-galactosidase activity could be measured, when EGD-e PfepR-lacZ was grown in the 

presence of BAC (Fig. 3E), indicating that the expression of fepRA is slightly induced in response to 

BAC.  

 

Ethidium bromide is a substrate for the efflux pump FepA 

Previous work has shown that the deletion of fepR resulted in an increased ethidium bromide (EtBr) 

resistance (Guérin et al. 2014). To assess, whether this resistance can be explained by the 

overproduction of FepA, an EtBr accumulation assay was performed with the wildtype, ΔfepA, fepA+, 

the EGD-e fepRQ140* suppressor mutant and a ΔfepA complementation strain (CΔfepA). This assay 

revealed that a strain lacking the efflux pump FepA accumulated more EtBr as the wildtype strain (Fig. 

4). In contrast, the more gradual slope of the EGD-e fepRQ140* suppressor indicates slightly reduced 

accumulation. Similarly, a significantly reduced accumulation of EtBr was observed for the ΔfepA 

complementation strain and the fepA overexpression strain (fepA+) (Fig. 4), suggesting that FepA is 

able to export EtBr.  
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Figure 4 | EtBr accumulation assay Accumulation of ethidium bromide (EtBr) by L. monocytogenes EGD-e (wt), 
the fepRQ140* suppressor strain (LJR208), a ΔfepA mutant strain (LJR261), a ΔfepA complementation strain 
(CΔfepA) and a fepA overexpression strain (fepA+) was measured at an excitation wavelength of 500 nm and an 
emission wavelength of 580 nm for 50 min. The average values and standard deviations of three independent 
experiments are depicted.  

 

FepA contributes to cross-resistance and tolerance towards CTAB 

The MATE efflux pump FepA has been previously associated with fluoroquinolone resistance. We thus 

wondered whether the BAC-tolerant strains are also more tolerant towards other antimicrobials such 

as the fluoroquinolone antibiotic ciprofloxacin, the aminoglycoside gentamycin, the cephalosporin 

cefuroxime or the surfactant CTAB. Indeed, growth experiments revealed that the mutations in fepR, 

and hence overexpression of FepA, additionally conferred resistance towards ciprofloxacin, 

gentamycin and increased tolerance towards CTAB (Fig. 5), but not towards cefuroxime (data not 

shown). Similar results were obtained for the fepA+ strain, which artificially overproduces FepA 

(Fig. 5). Interestingly, we observed suppressor formation in the wildtype strain on plates containing 

CTAB, which hasn’t been described so far.  
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Figure 5 | Cross-resistance of fepR mutant strains Drop dilution assays of L. monocytogenes strains EGD-e (wt), 
the fepA deletion strain LJR261 (ΔfepA), a wt strain containing the IPTG-inducible pIMK3-fepA plasmid LJR265 
(fepA+), and the suppressor mutants LJR208 (fepRQ140*), LJR211 (fepRV115D), and LJR218 (fepRL24F). Cells were 
propagated on BHI plates or BHI plates containing 4 µg ml-1 CTAB, 1 µg ml-1 ciprofloxacin or 0.5 µg ml-1 
gentamycin. All plates were supplemented with 1 mM IPTG to induce expression of fepA in the fepA+ strain. 
Plates were incubated overnight at 37°C. A representative image of at least three biological replicates is shown.  

 

Mutations in sugR confer resistance towards CTAB 

For the isolation of CTAB-tolerant L. monocytogenes strains, the wildtype strain EGD-e was 

propagated onto BHI plates containing varying CTAB concentrations. Growth of the wildtype was 

diminished at concentrations above 1 µg ml-1 CTAB and CTAB-tolerant strains were isolated in the 

presence of 2 and 4 µg ml-1 of CTAB. The genome sequence of 2 and 7 of the CTAB-tolerant strains 

isolated from 2 and 4 µg ml-1, respectively, were determined by whole genome sequencing to identify 

the underlying mutations. All of these strains carried mutations in the coding or promoter region of 

sugR, encoding a TetR-family transcriptional regulator (Fig. 6A-B). 4 of the CTAB-tolerant strains had 

a 1 bp deletion leading to a frameshift after phenylalanine at position 49, 4 strains carried point 

mutations leading to a premature stop after 64 or 122 amino acids and one strain carried a point 

mutation in the sugR promoter region. SugR is encoded in an operon together with sugE1 and sugE2, 

coding for two SMR efflux pumps. Deletion of the regulator sugR leads to the overexpression of SugE1 

and SugE2 and by this to an increased tolerance towards QACs, including BAC and CTAB (Jiang et al. 

2020). However, to our knowledge, this is the first time that strains were isolated that acquired 

mutations in sugR under CTAB treatment. To assess the impact of SugE1 and SugE2 on BAC and CTAB 

tolerance, drop dilution assays were performed with a strain lacking both efflux pumps, a sugE1/2 

overexpression strain (sugE1/2+), the two CTAB-tolerant strains EGD-e sugRD122* and EGD-e sugRF49fs, 

as well as the wildtype strain. The BAC-tolerant strain EGD-e fepRQ140* was included as a control. 

sugE1/2+, as well as the two CTAB-tolerant strains showed a growth advantage on BHI plates 

supplemented with CTAB and BAC in comparison to the wildtype and ΔsugE1/2 deletion strains. 

However, EGD-e sugRD122* and EGD-e sugRF49fs were unstable in the presence of BAC as they readily 



Chapter 6 | QAC tolerance in Listeria monocytogenes 

 
|146 

 

formed suppressors, while the growth of EGD-e fepRQ140* was not affected by BAC (Fig. 6C). Our results 

therefore indicate that FepA and SugE1/2 are the dominant efflux pumps for BAC and CTAB, 

respectively. In comparison to the fepR-associated suppressors, no cross-resistance towards 

gentamycin and ciprofloxacin was observed in association with the overproduction of SugE1/2 (Fig. 

S1).  

 

Figure 6 | Acquired CTAB tolerance due to mutations in sugR A Genetic organization of the sug operon in L. 
monocytogenes EGD-e with the predicted promoter region including the -10 and -35 regions (underlined). The 
sug operon contains genes coding for the transcriptional regulator SugR and the two SMR efflux pumps SugE1 
and SugE2. Base exchange from one of the suppressors is displayed in grey (adapted from Jiang et al., 2020). B 
Mutations in the sugR gene (depicted in light grey) in strains isolated in presence of CTAB. Dark grey colour 
depicts part of the gene/protein that is affected by the frameshift. The deleted parts of the protein are shown 
as dashed lines. C Drop dilution assays of L. monocytogenes strains EGD-e (wt), a sugE1/2 deletion strain 
(ΔsugE1/2), a wt strain containing the IPTG-inducible pIMK3-sugE1/2 plasmid LJR301 (sugE1/2+), and the 
suppressor mutants sugRD122* (LJR248), and sugRF49fs* (LJR258). The fepRQ140*suppressor mutant (LJR208) was 
used as a control. Cells were propagated on BHI plates or BHI plates containing 4 µg ml-1 CTAB, 4 and 6 µg ml-1 
BAC. All plates were supplemented with 1 mM IPTG to induce the expression of sugE1/2 in the SugE1/2+ strain. 
Plates were incubated overnight at 37°C. A representative image of at least three biological replicates is shown.  

 

SugE1/2 and FepA can partially compensate for each other in presence of biocide stress 

In an attempt to identify further tolerance mechanisms, the two deletion strains ΔfepA and ΔsugE1/2 

were again adapted to BAC and CTAB. ΔsugE1/2 readily formed suppressors in presence of 6 µg ml-1 

BAC and 4 µg ml-1 CTAB within a day. The ΔfepA strain evolved suppressors in presence of 4 and 6 µg 

ml-1 CTAB within a day, while it took two days to isolate BAC-tolerant suppressors (5 µg ml-1 BAC). To 
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assess if overproduction of FepA and SugE1/2 can compensate for the lack of SugE1/2 or FepA, 

respectively, isolated suppressors were screened for mutations in the respective transcriptional 

regulator. Indeed, all isolated ΔsugE1/2 suppressors carried mutations in the fepR gene, regardless of 

the selective pressure (Fig. 7C). Similarly, all ΔfepA isolates had mutations in the sugR gene, most of 

which led to either a premature stop or a frameshift. A similar growth behaviour could be observed 

for the ΔfepA and ΔsugE1/2 suppressors as compared to the BAC- and CTAB-tolerant wildtype strains 

(Figs. 2, 5 and 7A-B). ΔfepA sugRL57* and ΔfepA sugRF49fs showed enhanced tolerance in presence of 4 

µg ml-1 CTAB and 4 µg ml-1 BAC, while only minor growth was observed in presence of 6 µg ml-1 BAC. 

Interestingly, the wildtype strain harbouring the F49fs mutation in sugR seems to be slightly more 

tolerant towards BAC than the corresponding ΔfepA strain (Fig. 7A). In addition, no cross-resistance 

towards ciprofloxacin and gentamycin was observed for ΔfepA sugRL57* and ΔfepA sugRF49fs (Fig. S2). 

In contrast, ΔsugE1/2 fepRG157* and ΔsugE1/2 fepRV115fs showed similar growth as the wildtype strain 

carrying the fepRQ140* mutation, where not only increased tolerance towards BAC and CTAB was 

observed, but also cross-resistance towards ciprofloxacin and gentamycin (Fig. 7B). These results 

indicate that FepA and SugE1/2 can at least partially compensate for each other.  
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Figure 7 | SugE1/2 and FepA can partially compensate for each other in the presence of biocide stress. 
A Drop dilution assays of L. monocytogenes strains EGD-e (wt), the fepA deletion strain (ΔfepA) and the 
suppressor mutants ΔfepA sugRL57*(LJR280), ΔfepA sugRF49fs (LJR267) and wt sugRF49fs (LJR258). The fepRQ140* 
suppressor mutant (LJR208) was used as a control. Cells were propagated on BHI plates or BHI plates containing 
4 and 6 µg ml-1 BAC or 4 µg ml-1 CTAB and incubated overnight at 37°C. B Drop dilution assays of L. 
monocytogenes strains EGD-e (wt), the sugE1/2 deletion strain (ΔsugE1/2), and the suppressor mutants 
ΔsugE1/2 fepRG157* (LJR270), and ΔsugE1/2 fepRV115fs (LJR276), isolated on CTAB and BAC, respectively. The 
fepRQ140* suppressor mutant was used as a control. Cells were propagated on BHI plates or BHI plates 
supplemented with 4 and 6 µg ml-1 BAC, 4 µg ml-1 CTAB, 1 µg ml-1 ciprofloxacin or 0.5 µg ml-1 gentamycin and 
incubated overnight at 37°C. A representative image of at least three biological replicates is shown. C Acquired 
sugR and fepR mutations in the ΔfepA or ΔsugE1/2 background, respectively. The mutations that were 
previously identified in the wildtype background are depicted in grey.  

 

Strains lacking the two major QAC efflux systems can still acquire tolerance 

To assess whether L. monocytogenes possesses a third mechanism to adapt to QACs, the ΔfepA 

ΔsugE1/2 double deletion strain was constructed and propagated in the presence of BAC and CTAB. 

Interestingly, no suppressor formation was observed on BHI plates containing 6 µg ml-1 BAC or 4 µg 

ml-1 CTAB, which were previously used to isolate BAC- und CTAB-tolerant strains, likely due to the 

absence of two important efflux systems. However, the ΔfepAΔsugE1/2 deletion strain could still 
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adapt to 5 µg ml-1 BAC and 2 µg ml-1 CTAB. Genomic alterations for two BAC- and two CTAB-tolerant 

strains were determined by whole genome sequencing. Interestingly, all tolerant isolates acquired 

mutations in lmo1753 encoding a putative diacylglycerol kinase and Sanger sequencing of additional 

mutants likewise identified mutations in lmo1753. The phenotype of the suppressors slightly varied 

in presence of different stresses. The two CTAB-tolerant strains ΔfepAΔsugE1/2 CTAB1 and 

ΔfepAΔsugE1/2 CTAB2 showed only slightly increased tolerance on plates containing 2 µg ml-1 CTAB 

and 4 µg ml-1 BAC. In contrast, the BAC-tolerant strain ΔfepAΔsugE1/2 BAC2 could grow to some 

extent in the presence of CTAB and showed enhanced growth even in the presence of up to 6 µg ml-1 

BAC as compared to the wildtype strain and the ΔfepAΔsugE1/2 deletion strain (Fig. 8). Apart from 

the mutation in lmo1753, this suppressor carried a mutation in the promoter region of lmo1682, 

encoding a putative multidrug efflux pump, whose overexpression is likely responsible for the 

increased BAC tolerance. The BAC-tolerant strain ΔfepAΔsugE1/2 BAC1 also showed an enhanced 

tolerance towards BAC as compared to the ΔfepAΔsugE1/2 deletion strain, however, no growth 

advantage could be observed on BHI plates containing CTAB (Fig. 8). Interestingly, ΔfepAΔsugE1/2 

BAC1 was more sensitive towards the antibiotic cefuroxime in comparison to the parental and 

wildtype strain as well as an increased tolerance to gentamycin similar to EGD-e fepRQ140* (Fig. 8). 

Remarkably, we could neither identify any additional mutations for ΔfepAΔsugE1/2 BAC1 apart from 

the mutation in lmo1753, which is identical to the mutation in ΔfepA ΔsugE1/2 CTAB1 and CTAB2, nor 

indications of gene amplification events that could explain the distinct phenotype. No cross-adaption 

towards ciprofloxacin was observed for any of the ΔfepAΔsugE1/2 suppressors (Fig. 8).  
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Figure 8 | QAC tolerance of the ΔfepAΔsugE1/2 deletion strain 
Drop dilution assays of L. monocytogenes strains EGD-e (wt), the fepA sugE1/2 deletion strain (ΔfepAΔsugE1/2), 
the two suppressor mutants that were isolated in presence of CTAB, LJR327 (ΔfepAΔsugE1/2 lmo1753K19fs, short 
CTAB1) and LJR328 (ΔfepAΔsugE1/2 lmo1753K19fs, short CTAB2), and the two suppressor mutants that were 
isolated in presence of BAC, LJR326 (ΔfepAΔsugE1/2 lmo1753K19fs, short BAC1) and LJR330 (ΔfepAΔsugE1/2 
lmo1753V225fs Plmo1682

G-37A, short BAC2). A representative image of at least three biological replicates is shown.  

 

Discussion 

Survival and proliferation of L. monocytogenes in the food industry is an ongoing concern, and while 

there are various countermeasures to combat the contamination of food products, such as osmotic 

stress, extreme temperatures or the use of disinfectants, the pathogen still successfully manages to 

withstand the harsh conditions present in food-processing facilities, resulting in reoccurring 

outbreaks. To counteract the spread of L. monocytogenes, it is crucial to understand and elucidate 

the underlying mechanism that permit their successful evasion. Outbreaks are often associated with 

strains that tolerate below working concentrations of QACs, such as BAC or CTAB, the most commonly 

used active agents in disinfectants (Weber et al. 2007). In this study, we assessed the ability of the 

laboratory wildtype strain EGD-e to adapt to low levels of BAC and CTAB under laboratory growth 

conditions. Since previous studies have focused on the analyses of L. monocytogenes isolates, which 

exhibit a high frequency of genomic variations, our findings using the laboratory model strain 

represent a more generalized assessment. While previously isolated strains often merely acquired a 

transient tolerance towards QACs that was lost after passaging of the strains in absence of the stress, 

our strains readily formed stable suppressors that allowed growth in presence of BAC and CTAB.  
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In our study, BAC-tolerant L. monocytogenes strains exclusively carried mutations in fepR, which 

encodes a transcriptional regulator. These findings are in accordance with previous studies, which 

focussed on serial adapted isolated L. monocytogenes and Listeria spp. strains that were exposed to 

BAC or ciprofloxacin stress and likewise found that the majority of strains acquired mutations in fepR 

(Bolten et al. 2022; Bland et al. 2022; Douarre et al. 2022). FepR is a TetR-like transcriptional regulator 

that negatively regulates the fepRA operon, which encodes the regulator itself as well as the MATE 

family efflux pump FepA (Guérin et al. 2014). Strains that carried a mutation in fepR, as well as strains 

that artificially overexpress the efflux pump FepA exhibited increased tolerance not only towards BAC, 

but also towards CTAB, ciprofloxacin and gentamycin, indicating that extrusion by the transporter is 

rather unspecific. This observation further supports the previous hypothesis that de-repression of 

fepA is the reason for the observed QAC tolerance (Guérin et al. 2014; Bolten et al. 2022; Bland et al. 

2022; Douarre et al. 2022). We further substantiated this hypothesis by showing that a mutation in 

the DNA binding domain of FepR resulted in decreased binding to the promoter of the fepRA operon 

in comparison to the wildtype FepR protein. Likewise, mutations in the fepRA promoter region 

resulted in reduced binding of the wildtype FepR and thus, to increased promoter activity. This 

enhanced promoter activity could then result in an enhance production of FepA and subsequent 

export of BAC. Interestingly, we did not identify any mutations in either of the two chromosomally 

located efflux pumps MdrL or Lde that were previously described to be involved in QAC adaptation 

and whose expression is commonly upregulated in tolerant L. monocytogenes isolates (Jiang et al. 

2012; Godreuil et al. 2003; Mata et al. 2000; Jiang et al. 2019b). This was the case even in the absence 

of fepA and/or sugE1/2, suggesting that neither play a significant role in BAC or CTAB tolerance under 

the tested conditions. Altogether, we can conclude that the acquisition of mutations in fepR and the 

associated elevation of FepA levels and activity is the dominant mode of tolerance towards BAC in the 

EGD-e wildtype strain. In contrast, suppressors isolated in presence of CTAB stress solely acquired 

mutations in the sugR gene, coding for a different transcriptional regulator. Unexpectedly, none of 

the isolated suppressors carried mutations in the fepR gene. SugR is involved in the repression of the 

two SMR efflux pumps SugE1 and SugE2 that were previously shown to confer tolerance towards 

QACs such as BAC, CTAB or didecyldimethylammonium chloride (DDAC) in L. monocytogenes. 

Accordingly, expression of the efflux system was shown to be induced in presence of BAC, suggesting 

that BAC can inhibit the SugR-dependent repression of sugE1/2 (Jiang et al. 2020). Similarly to 

previous findings, the overexpression of SugE1/2 either due to mutations in its repressor or artificially 

induced did not result in any further cross-adaption in contrast to suppressors with fepR mutations 
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(Jiang et al. 2020; Bland et al. 2022; Guérin et al. 2014). Cross-resistance was also observed for 

Pseudomonas aeruginosa and E. coli isolates after BAC adaptation. While P. aeruginosa isolates 

acquired tolerance towards polymyxin B and other, BAC-adapted E. coli strains exhibited increased 

MIC for ampicillin and/or ciprofloxacin (Kim et al. 2018b; Nordholt et al. 2021). This raises the 

question, if CTAB should be used more frequently in commercial disinfectants than BAC to prevent 

the emergence of multi-resistant strains. We also found that although both efflux systems could 

compensate for the loss of the other, overexpression of FepA results in a higher BAC-tolerance than 

overexpression of SugE1/2, suggesting that the two efflux systems do not have specific substrates, 

but that the affinity seems to differ for the two QACs, BAC and CTAB. We further evolved a strain that 

lacks the two major QAC efflux systems FepA and SugE1/2 to identify additional tolerance 

mechanisms. To our surprise, all isolated suppressors acquired mutations in lmo1753, which does not 

code for an additional efflux system. Instead, lmo1753 shares 64% sequence identity and 87.2% 

similarity with the gene coding for the diacylglycerol kinase DgkB from Bacillus subtilis, which 

contributes to the biosynthesis of lipoteichoic acids (LTA) by recycling the toxic intermediate 

phosphatidic acid (Jerga et al. 2007; Matsuoka et al. 2011). This finding indicates that SugE1/2 and 

FepA are the key BAC and CTAB efflux systems in the L. monocytogenes wildtype strain EGD-e. LTAs 

make up a great portion of the gram-positive cell wall and have been shown to play crucial roles in 

cellular growth, morphology and division. They are anchored to the cell membrane and mainly consist 

of a polyglycerolphosphate backbone that contributes to the overall negative surface charge of the 

cell (Campeotto et al. 2014). The negatively charged backbone can be masked by decoration with 

positively charged D-alanylation. This decoration can be rather flexible and can fluctuate according to 

environmental and cellular cues, allowing adjustment of the cellular surface charge and hence 

variation in the cation homeostasis of the membrane (Percy and Gründling 2014). A decrease in 

cellular surface charge was previously associated with the survival of adapted E. coli strains in the 

presence of BAC, as they carried mutations in lpxM, encoding an enzyme involved in lipid A 

biosynthesis (Nordholt et al. 2021). Likewise, an increased negative surface charge was shown to be 

beneficial in a high-level BAC-tolerant Pseudomonas fluorescence strain (Nagai et al. 2003). It is 

tempting to speculate that mutations in lmo1753 result in altered LTA synthesis followed by a 

distorted negative surface charge subsequently hindering binding of the positively charged head 

groups of BAC and CTAB. While the activity of DgkB has often mainly been discussed in the context of 

LTA biosynthesis, phosphatidic acid can also be utilized for the production of other glycolipids and 

phospholipids, including cardiolipin, lysyl-phosphatidylglycerol or phosphatidylethanolamine. 
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Likewise, diacylglycerol, the substrate of DgkB, is aside from LTA biosynthesis also crucial for the 

production of triglucosyldiacyl-glycerol (Hashimoto et al. 2013). Hence, aberrant DgkB activity might 

generally result in an altered lipid profile. Besides efflux systems, changes in fatty acid composition 

and concomitant altered membrane fluidity have been proposed to contribute to QAC tolerance in 

several organisms. A study from 2002 described a tolerant L. monocytogenes isolate that showed a 

slight shift in the length of fatty acids (To et al. 2002). General alterations of the fatty acid profile and 

content was likewise associated with QAC tolerance in Serratio marcescens (Chaplin 1952) and P. 

aeruginosa (Guerin-Mechin et al. 2000; Jones et al. 1989). It remains elusive how mutations in 

lmo1753 contribute to QAC tolerance, but our findings highlight the ability of L. monocytogenes to 

adapt to QAC via an export-independent mechanism. One of the ΔfepA ΔsugE1/2 suppressors showed 

enhanced tolerance towards BAC in comparison to the other isolated mutants with the same genetic 

background. Interestingly, the strain acquired in addition to the mutation in lmo1753 a mutation in 

the promoter region of lmo1683, which encodes a putative major facilitator family transporter. To our 

knowledge, no function was assigned for this transporter so far; however, our study suggests that it 

might be involved in the export of BAC. Further analysis of the transporter is required to elucidate its 

role in the efflux of QACs.  

It has to be mentioned that all suppressors were isolated on BHI complex medium and in the presence 

of below working concentrations of BAC and CTAB. Those rather ideal conditions are not commonly 

found in food-processing facilities. However, similar BAC concentrations are often found in hard to 

reach places, when disinfectants are not properly applied and concentrations of approximately 0.5 µg 

ml-1 were for instance reported in household wastewater, creating an environment that allows 

adaptation of the pathogen prior to entering food-processing plants (Tezel and Pavlostathis 2015). 

Altogether, our study supported previous findings that designated the efflux pump FepA as the major 

BAC extrusion system in L. monocytogenes. We further showed that SugE1/2 play a similar role for 

CTAB-tolerance and that both systems are the two main efflux systems for BAC and CTAB. Our 

suppressor screen also revealed the ability of L. monocytogenes to acquire tolerance independent of 

the presence and/or overexpression of efflux systems, likely due to alterations in the lipid profile, 

which will be further analysed in the future. 
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Chapter 7 | Discussion 

Spread of L. monocytogenes, and successional infection of animals and humans is an ongoing problem 

in the medical sector, as well as for livestock. Infections are typically treated with cell wall-targeting 

antibiotics, while the spread is prevented by treatment with disinfectant that often contain 

quaternary ammonium compounds (QACs), such as benzalkonium chloride (BAC) or 

cetyltrimethylammonium bromide (CTAB). Proper cell wall organization requires the interplay of 

several processes that are involved in maintaining the structure, morphology, and protection of the 

cell. The identification and characterization of factors involved in either of these processes is crucial 

for the fight against L. monocytogenes. We aimed to investigate both areas, by A – elucidating the 

role of the putative ABC transporter EslABC in lysozyme sensitivity, cell division and cell wall 

biosynthesis and B – by identifying factors involved in tolerance towards BAC and CTAB.  

7.1 The importance of EslB in cell wall homeostasis 

Cellular growth and survival are particularly dependent on the architecture of the bacterial envelope, 

the building of which includes the involvement of several multifaceted processes that preserve the 

shape, morphology, and protection of the cell. The overall system is dependent on accurate 

organization of various essential proteins and metabolites. However, how those pathways are 

coordinated with each other to ensure proper assembly, as well as continuous expansion and 

remodelling of the cell wall remains to be unravelled. Recent studies tried to elucidate this interplay 

and communication and several proteins have been suggested to present a link between the distinct 

processes. A prime example is the serine/threonine protein kinase PrkC, which has been 

demonstrated to be essential for the control of MurA levels, thereby regulating the pace of 

peptidoglycan biosynthesis. At the same time PrkC manages the velocity of elongation and growth 

rate by mediating the density of MreB filaments (Sun et al. 2023). With that PrkC is a paradigm for a 

determining factor that is essential for proper cell wall homeostasis. The transcriptional regulator 

WalR is another example, which seems to be a central regulator for various crucial pathways by 

regulating the amount of N-deacetylation of the GlcNAc residue of peptidoglycan, the wall teichoic 

acid content, as well as the activity of cell wall hydrolases (Dobihal et al. 2022; Dobihal et al. 2019; 

Libby et al. 2015). In addition, several factors involved in cell division or elongation have been 

predicted to interact with and respond to PG synthesis associated proteins and precursors. The 
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putative ABC transporter EslABC is a key example that demonstrates how the deletion of a single 

factor impacts cell wall-associated pathways, including PG biosynthesis and modification, cross-

linking, cell division, elongation, hydrolase homeostasis, and wall teichoic acid biosynthesis. The 

following chapters will discuss the consequences of the deletion of the transmembrane protein EslB 

on different processes that take part in maintaining cell wall homeostasis of the cell.  

7.2 The putative ABC transporter EslABC 

The putative ABC transporter EslABC (for elongation and sugar-and lysozyme-sensitive phenotype) is 

encoded by the lmo2769-6 operon. Generally, ABC transporters contain a characteristic nucleotide-

binding domain (NBD) protein, as well as one or more transmembrane proteins (Locher 2016). 

Importers often possess an additional substrate binding protein (SBP) that allows binding or 

demonstration and subsequent translocation of a cognate substrate. ATP hydrolysis of the NBD 

protein typically stimulates conformational changes in the transmembrane protein which result in 

subsequent uptake or export of the cognate substrate (Locher 2016; Mächtel et al. 2019; Slotboom 

2014; Davidson et al. 2008). Even though ABC transporters are mainly involved in the translocation of 

substrates across the bacterial membrane, ABC transporters with alternative functions have been 

described in the literature (Rismondo and Schulz 2021). A model example for this is FtsEX, which does 

not seem to play a role in transport at all but participates in ATP-dependent regulation of the cell wall 

hydrolase CwlO. CwlO plays a vital role in cell growth, by cleaving the existing cell wall, allowing the 

integration of newly synthesized peptidoglycan (Brunet et al. 2019; Meisner et al. 2013). In the 

lmo2769-6 operon, lmo2769 codes for the NBD protein EslA, while lmo2768 and lmo2767 code for 

the transmembrane proteins EslB and EslC, respectively. Interestingly, lmo2766 codes for an RpiR-

type transcriptional regulator, which potentially plays a role in the regulation of the operon. Those 

regulators are typically involved in phosphate-sugar metabolic pathways and may control the 

expression of enzymes involved in carbon metabolism. Moreover, they typically contain an N-terminal 

helix-turn-helix domain and a C-terminal sugar isomerase domain (SIS) (Bateman 1999). A putative 

EslR-dependent regulation of EslABC portrays a potential link between sugar metabolism and activity 

of the transporter. However, so far, no experimental evidence could support a regulation of EslABC 

by EslR, aside from its genomic arrangement. Nevertheless, the presence of the putative RpiR-type 

regulator, as well as the observation that the deletion of one or several parts of the transporter result 

in growth defects in presence of high concentrations of certain sugars, such as sucrose and glucose, 
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raises the question if the transporter is involved in unspecific uptake of sugars (Rismondo et al. 2021). 

ATP-dependent transport of mono- or disaccharides is usually dependent on binding and delivery of 

the sugar by a substrate binding protein (Schneider 2001). So far, we could not identify a potential 

substrate binding protein for EslABC, which does not necessarily exclude its participation in sugar 

transport but makes it rather unlikely. Moreover, if the transporter is necessary for the uptake of 

sugar molecules, one would expect that the supplementation of associated mono- or disaccharides is 

beneficial in the mutant strain and not disadvantageous.     

 Initial bacterial two-hybrid experiments suggested an interaction between the membrane 

components EslB and EslC and we therefore we assumed that EslB and EslC form a heterodimer. 

Unfortunately, further bacterial two-hybrid experiments revealed the sticky and unspecific nature of 

the transporter proteins in this particular experimental set-up, thus the results need to be interpreted 

with caution. Curiously, analysis of a ΔeslC deletion strain revealed that the strain does not share any 

phenotypic characteristics with ΔeslA or ΔeslB deletion strains, raising the question if EslC is involved 

in the function of the transporter, or if it plays a role in unrelated processes. Subsequent whole 

genome sequencing of the strain did not reveal any mutations, but it seems that the strain possesses 

several unspecific gene amplifications, which might explain the lack in phenotypic defects. The role of 

EslC as part of the EslABC transporter remains to be elucidated. During the course of our study we 

focused on a ΔeslB deletion strain.        

 Both, EslA and EslB were previously associated with lysozyme resistance in L. monocytogenes 

by two independent studies (Burke et al. 2014; Durack et al. 2015). The natural antimicrobial lysozyme 

is part of the human innate immune system and cleaves the β-1,4-bond between the GlcNAc and 

MurNAc residue of the glycan strand in the cell wall (Callewaert and Michiels 2010). In 

L. monocytogenes, lysozyme resistance is mainly achieved by N-deacetylation of the GlcNAc residue 

by PgdA and O-acetylation of the MurNAc residue of the PG by OatA (Boneca et al. 2007; Aubry et al. 

2011). To understand the underlying mechanism responsible for lysozyme sensitivity in the ΔeslB 

deletion strain, isolated PG was compared to PG isolated from the 10403S wildtype strain. 

Interestingly, the PG of the mutant strain was slightly more cross-linked and featured a slight increase 

in deacetylated GlcNAc, which is normally associated with enhanced lysozyme resistance and reduced 

autolysis (Rae et al. 2011; Popowska et al. 2009; Rismondo et al. 2021). In contrary, a colorimetric 

assay revealed that the PG of ΔeslB is less O-acetylated. Hence, it seems that while PgdA localization 

and function is not altered in the mutant strain, the expression, activity, or localization of OatA might 

be impaired, resulting in decreased O-acetylation and sensitivity towards the natural antimicrobial 
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lysozyme (Figure 7.1 A). So far, lysozyme sensitivity of OatA was only observed when the gene coding 

for the O-acetyltransferase was deleted in combination with deletion of PgdA. Consequently, the 

lysozyme sensitivity of the ΔeslB mutant strain might result from another factor auxiliary to altered 

OatA activity. Since we observed minor structural changes in the PG as well as a cell division defect, 

we compared the cell wall thickness of the wildtype, ΔeslB deletion strain and a complementation 

strain in BHI medium and BHI medium supplemented with sucrose, where the deletion strain 

experiences impaired growth. Interestingly, the cell wall is significantly thinner in ΔeslB, potentially 

leaving it more susceptible towards the activity of lysozyme (and other hydrolases). The decrease in 

cell wall thickness could also result in increased susceptibility towards osmotic stress in sugar 

containing media. It has to be mentioned that the sugar-dependent growth defect was only observed 

for glycolytic sugars such as sucrose and glucose, but not for non-glycolytic carbon sources such as 

succinate or ribose or in presence of high salt concentrations (data not shown). If the cells are more 

vulnerable to osmotic stress, one would expect a growth defect in presence of either increased sugar 

or salt concentrations. However, a transposon-based study in S. aureus revealed that distinct osmotic 

stress does not equal osmotic stress in general and that essentiality and dispensability of genes differ 

in presence of sucrose and salt stress (Schuster et al. 2020). While for instance the gene coding for 

the protease ClpCP, which is among others involved in controlling the PG pool, was essential in 

presence of sucrose stress, it was unessential for cells grown in presence of NaCl. Interestingly, 

murAA, pbp3 or dltA were dispensable in presence of sucrose, while genes from the dlt operon 

dltABCD, tagO, murAA and mfd were essential under NaCl stress. The dlt operon is important for 

D-alanylation of WTA, while TagO is the first enzyme to initiate WTA biosynthesis. Hence, it seems 

that WTA plays a rather significant role in NaCl-induced osmotic stress, but not so much under sucrose 

stress. The phenotypic differences in the ΔeslB mutant might thus be due to the fact that gene 

essentiality differs in presence of NaCl and sucrose stress. Another explanation for the phenotype 

might be justified by the separate metabolic routes, taken by the different sugars inside the cell.  
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Figure 7.1 | Phenotypic overview of the eslB deletion strain. A Differences in the PG composition between 
wildtype and ΔeslB deletion strain. The peptidoglycan layer of the ΔeslB mutant is significantly thinner and less 
O-acetylated (purple hexagon). At the same time, it is slightly more cross-linked and N-deacetylated (yellow 
circles) in comparison to the PG of the wildtype. B Potential involvement of OatA as part of the divisome 
complex. In ΔeslB, the late cell division protein DivIVA does not properly localize, likely due to disrupted activity 
and/or localization of upstream divisome proteins which results in elongated cells (depicted in grey). Likewise, 
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disrupted OatA activity could be a result of an interaction with MinCD that possibly also exhibit disrupted activity 
due to their dependency on DivIVA. C Altered carbon flux. A disruption of the PG biosynthesis pathway possibly 
results in the increased flow of carbon into glycolysis that finally results in the production of reactive oxygen 
species (ROS). The addition of sugars such as sucrose might enhance this process. D Increased surface charge. 
The wall teichoic acids (WTA) have a characteristic ribitol phosphate backbone that contributes to the overall 
negative surface charge (indicated as a circle containing a -). The backbone can be decorated with GlcNAc 
residues (yellow hexagons) and positively charged D-alanine (indicated as a pink +), which can mask the overall 
negative charge. The precursor UDP-GlcNAc is shared between the PG biosynthesis pathway and WTA 
biosynthesis and hence altered distribution of UDP-GlcNAc, e.g., by directing it into WTA biosynthesis might 
result in a thinner cell wall and potentially in increased WTA content. A thinner cell wall could additionally 
increase the portion of the negatively charged WTA backbone that is exposed to the outside of the cell, resulting 
in a more negatively charged cell surface. This in turn could affect binding and activity of cationic compounds 
such as lysozyme and cell wall hydrolases.  

 

While glucose and sucrose are directed into glycolysis and subsequently feed into the tricarboxylic 

acid (TCA) cycle and respiratory chain, the pentose sugar ribose is consumed in the pentose phosphate 

pathway and succinate is converted to e.g., glucose via gluconeogenesis. Glycolytic sugars are also 

essential for the biosynthesis of PG. Accordingly, its distribution between glycolysis and PG 

biosynthesis needs to be tightly regulated. In B. subtilis, GlmS is important for directing fructose-6-

phosphate towards PG biosynthesis by converting it to glucosamine-6-phosphate, thereby initiating 

the synthesis of the PG precursor UDP-GlcNAc (Patel et al. 2018; Patel et al. 2023). Activity of GlmS 

seems to be dependent on interaction with GlmR in B. subtilis. However, the GlmR-dependent 

regulation of GlmS could not be verified in L. monocytogenes up to date (Pensinger et al. 2023). 

Misregulation of the distribution of carbon sources could result in detrimental effects for the cell. An 

increased sugar flux into glycolysis can in the end lead to accumulation of reactive oxygen species 

(ROS) in the respiratory chain, as has been reported for bacterial L-forms that lack a cell wall (Kawai 

et al. 2015; Kawai et al. 2019). This effect can only be seen for glycolytic sugars and is not detrimental 

when cells are grown in the presence of succinate. Furthermore, a recent studied showed that 

resistance towards the cell wall targeting antibiotic ampicillin could be achieved by regulating glucose 

uptake, inhibiting glycolysis and the subsequent flux of glucose into the pentose phosphate pathway 

(Jiang et al. 2023). 

In the ΔeslB strain, a thinner cell wall indicates a disrupted PG biosynthesis, which might result 

in an increased flux into glycolysis and increased production of reactive oxygen species (Figure 7.1 C). 

Overexpression of proteins of the GlmSRUM cascade in the ΔeslB background only resulted in a 

beneficial effect for GlmM and GlmR and the growth defect in presence of sucrose penicillin could 

only be partially rescued. If an increased flux of carbon into glycolysis is detrimental, overexpression 

of GlmSRUM, especially GlmS should have a more beneficial effect. It could be that the activity of 
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GlmS is downregulated (e.g., by GlmR) and a simple overexpression does not equal enhanced protein 

activity. In addition, disturbed activity of proteins downstream of the GlmSMUR pathway could still 

lead to a block of carbon flux and thus the carbon drain might not be altered in an overexpression 

strain. Interestingly, we isolated a suppressor mutant on BHI agar supplemented with sucrose and 

penicillin that carried a mutation in lmo0214, resulting in a frameshift. The gene codes for the ATP-

dependent DNA translocase Mfd, which has been associated with ROS-induced DNA lesion repair and 

as a factor that regulates transcription in stressed cells in several organisms, including E. coli and 

B. subtilis (Martin et al. 2019; Smith et al. 2012; Smith et al. 2007). The mfdIle976fs mutation could 

bypass phenotypic defects in presence of sucrose and penicillin, heat and suppressed the cell division 

defect, indicating that ROS levels could indeed be altered in the ΔeslB strain (Figure S1). The E. coli 

Mfd protein consists of 8 domains, from which domain 5 and 6 form an active site, which is 

surrounded by the N-terminal and C-terminal domain of the protein that form a “clamp”, which masks 

the active site (Deaconescu et al. 2012; Smith et al. 2007). We hypothesized that the frameshift 

mutation results in disruption of the C-terminal D7 domain, thereby rendering the active site exposed 

and the protein in a continuous active state. This would in turn allow for a better stress induced 

response especially towards ROS generated stress. We additionally isolated a suppressor conferring a 

frameshift mutation in lmo2230, a gene coding for a putative arsenate reductase that is part of the 

primary stress regulon SigB (Raengpradub et al. 2008; Oliver et al. 2009). Lmo2230 shows 28% 

sequence identity to the arsenate reductase ArsC from B. subtilis, which is involved in heavy metal 

detoxification and regulated by the disulfide stress regulator SpxA upon oxidative stress (Nakano et 

al. 2003). So far, the precise function of Lmo2230 remains unclear in L. monocytogenes and the 

characteristic cysteine amino acid residue that is essential for the specific arsenate reductase activity 

of B. subtilis is not present in Lmo2230. The protein was hence suggested to play a broader, more 

general role in stress response in L. monocytogenes (Bennett et al. 2001; Cortes et al. 2019). 

  Altogether, even though we do not have clear evidence for increased ROS levels in the 

transporter mutant, it is likely that the growth defect in presence of sucrose is a combinational effect 

resulting from increased osmotic stress caused by distorted cell integrity and at the same time 

increased sugar flux into glycolysis and subsequent ROS production due to defects in carbon 

distribution. Taken this into account, it is likely that the ΔeslB mutant exhibits altered PG synthesis 

which results in a thinner cell wall.  
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A similar cell wall associated phenotype was observed for the closest homologue of EslABC, the 

YtrBCDEF ABC transporter of B. subtilis. YtrB and YtrC/YtrD show 35% and 22% sequence similarity to 

EslA and EslB, respectively. However, the genomic organization is vastly different. The transporter is 

located in an operon consisting of ytrGABCDEF. ytrB and ytrE code for two nucleotide binding proteins, 

and ytrC and ytrD for two transmembrane domain proteins. ytrF codes for a solute binding protein 

but the overall structure and organization of the transporter complex is still unknown (Yoshida et al. 

2000; Quentin et al. 1999). ytrA codes for a transcriptional repressor and YtrA-dependent repression 

of the transporter is prevented during cold shock or in presence of cell wall-targeting antibiotics 

(Beckering et al. 2002). Interestingly, both EslABC and YtrBCDEF have been annotated as acetoin 

transporters (Yoshida et al. 2000). Though, the actual role of YtrBCDEF in acetoin import and 

utilization seems to be rather minor (Yoshida et al. 2000; Rismondo and Schulz 2021). Transformation 

experiments revealed that especially YtrF is important for competence and overexpression of 

transporter components led to a thicker cell wall (Koo et al. 2017; Benda et al. 2021). Hence, both 

EslABC and YtrBCDEF seem to play a role in cell wall metabolism. In contrast to L. monocytogenes, 

B. subtilis is naturally competent and thus can take up DNA from its environment, especially in 

nutrient limiting conditions. Binding and uptake of DNA is mediated by the presence of WTA (Mirouze 

et al. 2018). It is likely that cell wall thickness affects interaction of DNA via WTA and the DNA uptake 

apparatus ComG/ComE, allowing uptake of foreign DNA (Dubnau 1991). In concordance with its role 

in cell wall metabolism, the transporter was also associated with resistance towards the cell wall-

targeting antibiotics vancomycin and nisin (Hutter et al. 2004; Wenzel et al. 2012). Interestingly, YtrF 

contains a FtsX like domain. FtsX is part of the FtsEX ABC transporter, which does not have a role in 

transport of cognate substrates, but is essential for regulation of the activity of the cell wall hydrolase 

CwlO in B. subtilis (Meisner et al. 2013). Consequently, it is tempting to speculate that YtrF might also 

be directly or indirectly involved in cell wall hydrolysis, and in this manner influences cell wall thickness 

in response to available extracellular DNA. Further experiments are necessary to clarify the role of 

YtrBCDEF in cell wall metabolism. 
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7.3 Potential role of EslB in cell wall biosynthesis  

In an attempt to get a better understanding of the function of the EslABC transporter we evolved the 

ΔeslB strain under conditions where the strain had a growth defect in comparison to the wild type, 

including lysozyme stress, heat stress, sucrose (± penicillin), and glucose stress. A summary of all 

suppressors is depicted in Table 7.1. Indeed, various suppressors possessed mutations in genes 

associated with cell wall biosynthesis, decoration and modification, including murZ (lmo2552), prpC 

(lmo1821), reoM (lmo1503), clpCP (lmo0231/lmo0232) and pbpA1 (lmo1892), which are directly 

involved in peptidoglycan synthesis, ftsE (lmo2507), ftsX (lmo2506), and cwlO (lmo2505), which are 

involved in cell wall hydrolysis, as well as tarL (lmo1077) and the promoter region of dltX 

(lmrg_02074), which are involved in WTA biosynthesis and decoration (Figure 7.2). When taking a 

closer look at the genes associated with peptidoglycan biosynthesis, it becomes clear that they are 

particularly centred around controlling MurA levels, the enzyme executing the first committed step 

of PG biosynthesis (Barreteau et al. 2008). Both ReoM and MurZ directly or indirectly stimulate ClpCP-

dependent proteolysis of MurA (Wamp et al. 2022; Wamp et al. 2020; Kock et al. 2004; Birk et al. 

2021). Knockdown mutations in genes coding for either of the proteins would consequently result in 

increased MurA levels (Figure 7.2). PrpC is involved in dephosphorylation of ReoM, which in turn 

stimulates the protease activity of ClpCP (Kelliher et al. 2021; Wamp et al. 2020). Since MurZ, PrpC, 

and ReoM are all involved in ClpCP-dependent degradation of MurA, we speculated that the 

suppression mechanism is due to increased MurA activity and hence increased production of PG. 

MurA, in conjunction with MurB, sequesters UDP-GlcNAc to produce UDP-MurNAc, which is further 

converted to lipid I and lipid II by MurC-F, MraY and MurG (Vollmer et al. 2008; Egan et al. 2020). 

Indeed, the artificial overproduction of MurA in the ΔeslB background similarly suppressed the 

phenotypic defects of the mutant strain. In line with the idea that PG biosynthesis is disturbed, is the 

observation that the ΔeslB mutant strain is more sensitive towards the antibiotics fosfomycin and 

t-Cinnamaldehyde, which directly target the activity of MurA and the steps important for biosynthesis 

of UDP-GlcNAc, respectively (Sun et al. 2021b; Marquardt et al. 1994). In contrast, no changes in 

sensitivity were observed for antibiotics that target later steps in the PG biosynthesis pathway, such 

as vancomycin or nisin (Figure 7.2). These data suggest that either MurA activity is disturbed in the 

ΔeslB strain or that the availability of UDP-GlcNAc is reduced, eventually leading to reduced PG levels 

and a thinner cell wall. As mentioned in Chapter 7.2, overexpression of the enzymes involved in 

UDP-GlcNAc biosynthesis GlmM and GlmR, could partially rescue the eslB phenotypes, further 
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strengthening the idea that the synthesis or availability of UDP-GlcNAc is disturbed (Pensinger et al. 

2023).  

Table 7.1 | Overview of sequence alterations in the L. monocytogenes ΔeslB background. Assorted colours 
highlight the associations of the genes in underlying cellular pathways. Light pink: genes associated with MurA 
degradation. Light purple: genes associated with cell wall homeostasis. Light blue: genes associated with activity 
of the cell wall hydrolase CwlO. Light turquois: genes associated with wall teichoic acid synthesis and decoration. 
Green: genes associated with cell division.  

Gene Mutation1 Function2 Stress3 Reference  

Suppressors in ΔeslB 

murZ 
(lmo2552) 

Met240fs 
Gln307fs 

UDP‐N‐acetylglucosamine 1‐
carboxyvinyltransferase  
 
Involved in ClpCP‐dependent 
degradation of MurA  
 

BHI 0.5 M Sucrose 
+ Pen G 

(Wamp et al. 
2020) 

cdaA 
(lmo2120) 

Thr146Ile 
Arg87Cys 

Deadenylate cyclase 
 
 c‐di‐AMP is mainly involved 
in cell wall metabolism and 
osmoregulation 

BHI 0.5 M Sucrose 
+ Pen G 

(Rosenberg et 
al. 2015) 

walK 
(lmo0288) 

Arg553His 
Asp283Glu 
Ala570Val 
Ile583Thr 
 
His463Asp 
Val234Leu 
Arg480His 
His368Tyr 
Pro600Ser 
 
Asp336Gly 

Sensor histidine kinase, part 
of the WalRK two‐
component system 
 
Regulation of autolysins and 
other cell wall components. 
Important for cell wall 
homeostasis 

BHI 0.5 M Sucrose 
+ Pen G 
 
 
Lysozyme 
 
 
 
 
 
 
Sucrose  

(Dobihal et al. 
2019) 

ftsE 
(lmo2507) 

Gln220‐ NBD of the FtsEX ABC 
transporter 
 
Essential for the activity of 
the cell wall hydrolase CwlO 

BHI 0.5 M Sucrose 
+ Pen G 
 

(Meisner et al. 
2013) 

ftsX 
(lmo2506) 

Gly253Arg TMD of the FtsEX ABC 
transporter 
 
Essential for the activity of 
the cell wall hydrolase CwlO 

BHI 0.5 M Sucrose 
+ Pen G 
 

(Meisner et al. 
2013) 

cwlO 
(lmo2505) 

Arg106His 
Arg135Pro 

D,L‐endopeptidase  
 

BHI 0.5 M Sucrose 
+ Pen G 
 

(Meisner et al. 
2013; 
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Regulated by WalRK and 
FtsEX 
Cleaves the existing PG layer 
allowing newly synthesised 
PG to be incorporated 

Hashimoto et 
al. 2012) 

mfd 
(lmo0214) 

Ile976fs Transcription repair coupling 
factor 
 
Possible regulatory function 
upon ROS/ general stress 
response/ protects against 
ROS in B. subtilis 

BHI 0.5 M Sucrose 
+ Pen G 
 

(Martin et al. 
2019) 

reoM 
(lmo1503) 

Lys23fs Dephosphorylated enhances 
ClpCP dependent regulation 
of MurA 
 

BHI 0.5 M Sucrose 
+ Pen G 
 

(Wamp et al. 
2020) 

corA 
(lmo1064) 

Ala244Thr Putative Mg2+ and Co2+ 
transporter 

BHI 0.5 M Sucrose 
+ Pen G 
 

(Warren et al. 
2004) 

prpC 
(lmo1821) 

Pro159Leu Serine/threonine 
phosphatase 
 
Dephosphorylates ReoM → 
involved in ClpCP dependent 
degradation of MurA 

BHI 0.5 M Sucrose 
+ Pen G 
 

(Wamp et al. 
2022) 

tarL  
(lmo1077) 

Pro282Leu TarL homologue 
 
Adding ribitol‐phosphate 
units to the growing WTA 
backbone  

BHI 0.5 M Sucrose 
+ Pen G 
 

(Brown et al. 
2013) 

walR 
(lmo0287) 

Ser216Gly 
Ala82Val* 
Glu12Gly 
 
Arg120Cys 

Transcriptional regulator, 
part of the WalRK two‐
component system 
 
Regulation of autolysins and 
other cell wall components. 
Important for cell wall 
homeostasis 

Lysozyme 
 
 
 
Sucrose 

(Dobihal et al. 
2019) 

anrA 
(lmo2114) 

Arg180Val 
Gly148Asp 

NBD of the AnrAB ABC 
transporter 
 
Involved in antibiotic 
resistance such as nisin and 
bacitracin 

Lysozyme (Jiang et al. 
2019a) 

IbrA 
(lmo2241) 
 

Gln23Pro GntR‐family transcriptional 
regulator 
 

Lysozyme (Zhu et al. 
2011) 
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 Unknown function 

dltX  
(lmrg_02074) 

PT-31C  Part of the dlt operon  
 
Incorporation of D‐Ala in 
teichoic acid backbones 

Lysozyme (Kovács et al. 
2006) 

clpCP 
(lmo0231-
lmo0232) 

deletion of 
clpP and 
1333 bp of 
clpC 

Part of the ClpCP protease 
 
Degradation of (among 
others) MurA  

Glucose (Birk et al. 
2021; Wamp 
et al. 2020) 

clpX 
(lmo1268) 

Ala81Asp 
 
Gly15Asp 
 

Chaperone, part of the ClpXP 
protease 
Regulated by SigB, involved 
in cell division and degrades 
FtsZ, DivIVA and MreB 
degradation 

Glucose 
 
 
 

(Smith et al. 
2014) 

 P*  42°C  

Suppressors in ΔeslB cwlOR106H 

walR 
(lmo0287) 

Arg204Ser Regulation of autolysins and 
other cell wall components. 
Important for cell wall 
homeostasis 

Lysozyme (Dobihal et al. 
2019) 

walR 
(lmo0287) 
mutY 
(lmo1689) 

Asn117Ser 
 
Asp180fs 

See above  
 
A/G‐specific adenine 
glycosylase interacts with 
Mfd wich has a possible 
regulatory function upon 
ROS/ general stress 
response/ protects against 
ROS in B. subtilis 

Lysozyme (Martin et al. 
2019) 

prpC 
(lmo1821) 

Asp8Asn 
 

Serine/threonine 
phosphatase 
Dephosphorylates ReoM → 
involved in ClpCP dependent 
degradation of MurA 

Lysozyme (Wamp et al. 
2022) 

1 Type of mutation with the amino acid position in the L. monocytogenes 10403S reference genome. 
fs = mutation leading to a frameshift; ‐ = mutation resulting in a premature stop codon.  
2 functional annotations. NBD = Nucleotide Binding Domain; TMD = Transmembrane Domain; ABC 
transporter = ATP binding cassette‐ transporter. 
3 conditions used to evolve suppressors: lysozyme 100 µg ml‐1; PenG = 0.025 or 0.5 M penicillin G; 
glucose 0.5 M. 
The cwlOR106H mutant strain was further evolved in presence of 100 µg ml‐1. 
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Since it is unclear if EslABC is involved in translocation of substrates across the membrane, we took a 

closer look at possible transport mechanisms that are important for cell wall biosynthesis. One 

possibility is that EslABC is importing N-acetylglucosamine (GlcNAc) into the cell, which is converted 

to GlcNAc-6-phospate and utilized by GlmMUR to produce UDP-GlcNAc. Reduced or diminished 

GlcNAc uptake in the ΔeslB strain could thus result in a decreased UDP-GlcNAc pool. However, the 

transporter mutant did not experience a growth disadvantage in LSM defined minimal medium with 

GlcNAc as the sole carbon source in comparison to LSM medium containing glucose as the sole carbon 

source (Figure S2). Similarly, the addition of GlcNAc did not have a beneficial effect for the ΔeslB strain 

in presence of sucrose and penicillin or heat stress, indicating that EslABC is not involved in GlcNAc 

transport or merely plays a minor role (Figure S2 B). GlcNAc supplementation should theoretically 

lead to an increased UDP-GlcNAc pool and therefore to increased PG biosynthesis raising the question 

why we did not observe a beneficial effect upon its supplementation. One theory is that the GlmMUR 

pathway is disrupted in the ΔeslB strain and as a result GlcNAc cannot be utilized to increase the UDP-

GlcNAc pool. In B. subtilis GlcNAc is translocated across the membrane and phosphorylated by the 

phosphoenolpyruvate-dependent phosphotransferase system (PTS) transporter NagP to produce 

GlcNAc 6-phosphate. NagA subsequently converts it to glucosamine 6-phosphate, which can either 

be directed into PG biosynthesis or glycolysis (Plumbridge 2015). In contrast to B. subtilis, 

L. monocytogenes does not possess a NagP homologue and the uptake and intracellular fate of GlcNAc 

is thus unclear. Consequently, it is difficult to draw a conclusion and further analysis is required to 

understand the potential impact of EslABC on the GlmMUR pathway.       
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Figure 7.2 Suppression mechanisms associated with cell wall biosynthesis. The general biosynthesis pathway 
of peptidoglycan and wall teichoic acids is depicted. Proteins with underlying genomic mutations identified in 
the ΔeslB suppressors are depicted in colour. MurZ, ReoM, PrpC and ClpCP are involved in MurA degradation 
and hence knock-down mutations result in enhanced MurA levels and overexpression of MurA can rescue the 
phenotypes of the transporter mutant. The strain is more sensitive towards the antibiotics t-Cinnamaldehyde 
(t-cin) and fosfomycin (shown in pink) which further decrease the production or utilization of UDP-GlcNAc. In 
contrast the strain is more resistant to tunicamycin (blue) which at low concentrations inhibits WTA biosynthesis 
and likely increases the availability of UDP-GlcNAc for PG biosynthesis. Mutations in the glycosyltransferase 
domain in the gene coding for PBP A1 could also rescue phenotypes of the ΔeslB mutant strain and 
supplementation with moenomycin, which targets glycosyltransferase activity of PBPs had a similarly beneficial 
effect. Likewise, increased promoter activity of the dlt operon results in increased D-alanylation (yellow +) and 
the overexpression of GlmM, GlmR and MurA (red) also showed a beneficial effect.  
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Another possibility is that EslABC is involved in the recycling of shed peptidoglycan fragments. Since 

the multifaceted biosynthesis process is extremely energy consuming, L. monocytogenes, like many 

other gram-positive and gram-negative bacteria, recycles approximately 50% of their PG (Goodell 

1985). In B. subtilis the murRQP operon is important for PG turnover. murR codes for a transcriptional 

regulator of the operon, while murP codes for the phosphotransferase system (PTS) transporter MurP, 

which specifically translocates MurNAc yielding MurNAc-6-phosphate. murQ codes for a MurNAc-6-

phosphate etherase, which utilizes MurNAc-6-phosphate to produce GlcNAc-6-phosphate that can 

subsequently be introduced into PG biosynthesis (Borisova et al. 2016). The 10403S L. monocytogenes 

does not possess a homologue of this system, yet a similar system is present in L. monocytogenes 

WSLC1042. We introduced the MurRQP transport system from B. subtilis, as well as a system from 

L. monocytogenes WSL1042 into the ΔeslB deletion strain under the control of an IPTG-inducible 

promoter (Borisova et al. 2016). We could not observe a beneficial effect when overexpressing any of 

the two systems, suggesting that PG reshuffling is not disturbed in the ΔeslB background (data not 

shown). However, experimental set-up and expression levels of the two systems might not have been 

ideal in the strain and thus preliminary results have to be taken with caution. Altogether, our data 

suggests that peptidoglycan levels are reduced in the ΔeslB deletion strain possibly resulting from an 

altered UDP-GlcNAc pool.  

7.4 Detrimental activity of the cell wall hydrolase CwlO in the ΔeslB strain 

Apart from suppressors directly related to PG biosynthesis, several suppressors carried mutations in 

genes associated with activity of the cell wall hydrolase CwlO. CwlO is a D,L-endopeptidase, which 

cleaves the already existing peptidoglycan, so that newly synthesized peptidoglycan precursor can be 

added into the growing strain by the Rod system (Smith et al. 2000; Cho et al. 2016). Mutations were 

located either directly in the gene coding for the hydrolase or in genes coding for the subunits of 

FtsEX, an ABC transporter which is essential for CwlO activity (Figure 2.3) (Meisner et al. 2013). Under 

laboratory growth conditions, FtsEX is essential in L. monocytogenes and thus mutations presume that 

this essentiality might be lost in the ΔeslB background, or that FtsEX activity is only slightly reduced 

(Fischer et al. 2022). Deletion of cwlO in the ΔeslB mutant strain confirmed that indeed hydrolase 

activity has a negative effect for the ΔeslB strain. Nevertheless, it is not clear, if the activity of CwlO is 

altered in the ΔeslB strain or if the cell wall of the ΔeslB strain is more susceptible towards hydrolysis 

in general. Interestingly, even though both eslB and cwlO single mutants experienced reduced growth 
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at high temperatures, which is characteristic for cell wall mutants, a double deletion could suppress 

this growth defect. A similar effect was seen for hydrolase defective S. aureus strains that were 

treated with cell wall-targeting antibiotics (Salamaga et al. 2021). Individually, both, deficiency of 

hydrolase activity and antibiotic-induced inhibition of cell wall biosynthesis, resulted in cell death due 

to imbalance of cell wall biosynthesis and hydrolysis, however, a combinational defect rescued growth 

by restoring cell wall homeostasis. A deletion of both eslB and cwlO might therefore rescue the heat 

phenotype, by restoring the balance of cell wall biosynthesis and hydrolysis. In contrast, decreased 

hydrolase activity could not restore resistance towards the natural antimicrobial lysozyme, suggesting 

that lysozyme sensitivity is not a consequence of disturbed hydrolase activity. In an attempt to 

elucidate the underlying mechanisms of lysozyme sensitivity, we further evolved the ΔeslB cwlOR106H 

strain in presence of lysozyme stress (Table 7.1). Most mutants carried mutations in walR, a 

transcriptional regulator generally involved in cell wall homeostasis, which will be discussed in detail 

later on. One walR mutant carried a tertiary mutation the gene coding for MutY, which interacts with 

the previously described ATP-dependent DNA translocase Mfd in B. subtilis (Martin et al. 2019). 

Another one had a base exchange in prpC leading to a change from aspartic acid to asparagine at 

position 8, which, as described above, presumably results in increased MurA activity and hence 

enhanced cell wall biosynthesis (Wamp et al. 2020). Moreover, the supplementation of Mg2+ could 

likewise rescue the phenotypic growth defects of the ΔeslB strain. Interestingly, the rescue effect of 

Mg2+ for cell wall mutants was proposed to take effect by inhibiting hydrolase activity, probably 

indirectly via binding to the negatively charged surface, thereby competing with the activity of 

hydrolases (Tesson et al. 2022). Mg2+ has been shown to bind both the negatively charged backbone 

of WTA and the carboxyl groups of PG components (Beveridge and Murray 1980; Kern et al. 2010). 

The addition of Mg2+ might also reduce binding and activity of the cation lysozyme, by masking the 

negative surface charge. Interestingly, in E. coli, increased hydrolase activity has been associated with 

enhanced activity of class A PBPs, which are involved in polymerization and cross-linking of new glycan 

strands (Lai et al. 2017). An increased activity of CwlO could potentially influence cross-linking in the 

PG of the ΔeslB strain in contrast to the wildtype strain. Moreover, CwlO is predicted to be part of a 

complex with Mbl and MreB, which are important components of the cell wall elongation machinery 

(Kawai et al. 2011; Domínguez-Cuevas et al. 2013). The eslB mutant strain exhibits a more negative 

overall surface charge (see Chapter 7.7). This likely increases the binding and activity of the positively 

charged hydrolase and explains aberrant hydrolase activity in the mutant strain (Figure 7.1 D).  
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7.5 Suppression by restoring general cell wall homeostasis 

Several suppressors carried mutations in either of the genes coding for the two-component system 

WalRK. The histidine kinase WalK phosphorylates WalR, resulting in dimerization and DNA binding. 

WalR is additionally regulated by PrkC in B. subtilis (PrkA in L. monocytogenes), likely in response to 

PG-associated signals (Libby et al. 2015). PrkA is also involved in the phosphorylation of ReoM and 

thereby decreases ClpCP-dependent degradation of MurA resulting in increased PG production 

(Wamp et al. 2020). WalR is known to regulate several crucial processes associated with the cell wall 

(Figure 2.3). This includes transcription of cwlO in response to high or low D,L-endopeptidase activity 

(Dobihal et al. 2022; Dobihal et al. 2019). Consequently, knock-down mutations could be responsible 

for reduced CwlO levels, which have a similarly beneficial effect as the deletion of cwlO described 

above. However, WalR is additionally important for the activation of other cell wall hydrolases, as well 

as MreBH, which are essential components of the elongasome. In addition, overexpression of WalRK 

was shown to increase promoter activity of the ftsAZ operon in B. subtilis that codes for FtsA and FtsZ, 

two factors essential for cell division (Fukuchi et al. 2000; Huang et al. 2013). Mutations in walRK 

might contribute to proper cell morphology by simultaneously reducing the activity of hydrolases as 

well as elongasome velocity as a result from reduced MreBH filament density. In contrast, WalR 

represses transcription of pdaC (pgdA in L. monocytogenes) and is involved in the increase of WTA 

content (Howell et al. 2003). High hydrolase activity results in increased WalR-dependent 

de-repression of pdaC and consequently to increased N-deacetylation (Ravikumar et al. 2014). If 

enhanced hydrolase activity increases the overall levels of cleavage products in the ΔeslB strain, WalR 

activity is likely already reduced, which could result in increased PgdA levels, proposedly explaining 

the minor increase in N-deacetylation of GlcNAc in the PG of ΔeslB. One could speculate that further 

reduction of WalR activity due to acquired mutations could in turn additionally increases 

N-deacetylation by PgdA ultimately restoring the lysozyme resistance of ΔeslB. It has to be mentioned 

that while we identified a potential WalR binding domain upstream of pgdA, a role of WalR in pgdA 

regulation has not yet been described for L. monocytogenes. Additionally, reduced WalRK activity has 

been brought in association with lysozyme resistance, independent of PgdA (Burke and Portnoy 2016). 

In contrast to CwlO-associated suppressor mutants, lysozyme resistance was restored in walRK 

suppressors, further supporting the idea that deactivation of hydrolase activity is not the sole 

suppression mechanism, and that WalR is involved in the regulation of additional factors that are 

specifically important for lysozyme resistance. Altogether, WalR plays a crucial regulatory role in 
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global processes important for the overall cell wall architecture and we hypothesize that the 

underlying WalRK-dependent suppression mechanism is based on restoring a balanced cell wall 

homeostasis.  

7.6 Involvement of EslB in wall teichoic acid synthesis and modification 

As mentioned above, WalRK is also involved in the adjustment of WTA content by regulating the 

expression of the tagAB and tagDEFG operon in B. subtilis and S. aureus. indicating that the 

suppressor mutations might also impact WTA biosynthesis (Howell et al. 2003; Dubrac et al. 2007). 

Indeed, several phenotypes and suppressors suggest alterations in the synthesis and presentation of 

WTA in a strain lacking EslB. A mutation in lmo1077 could rescue growth defects in presence of 

sucrose penicillin or lysozyme. lmo1077 codes for a TarL homologue, which is involved in the 

polymerization of the WTA backbone by adding over 40 ribitol-phosphate (RboP) units to the linker 

unit of the growing chain (Brown et al. 2013; Pereira et al. 2008). The synthesized RboP backbone 

itself can be decorated with D-alanine esters which mask the negative charge of the phosphate 

backbone, or with monosaccharides, such as GlcNAc, rhamnose or D-glucose (Brown et al. 2013; Shen 

et al. 2017). The addition of D-alanine is achieved by enzymes encoded in the dlt operon and absence 

of D-alanylation results in an overall increased negative surface charge. Indeed, growth of the ΔeslB 

strain was restored in a suppressor mutant that showed enhanced promoter activity of the dlt operon, 

implying that D-alanylation is beneficial for the ΔeslB deletion strain. Interestingly, fluctuation in D-

alanine levels have been shown to regulate the activity of cationic cell wall hydrolases subsequently 

controlling cell elongation, possibly due to the altered charge of the cellular surface (Heptinstall et al. 

1970; Yamamoto et al. 2008b). Likewise, the lack of D-alanine modification in WTA from S. aureus in 

fact led to increased lysozyme and vancomycin susceptibility (Peschel et al. 2000). Furthermore, WTA 

biosynthesis and regulation have been brought in association with cell wall biosynthesis, and loss of 

WTA results in a spherical cell shape possibly due to the lack of hydrolase activity in L. monocytogenes 

and B. subtilis (Bhavsar et al. 2001; Eugster and Loessner 2012). Indeed, the transporter mutant 

showed an increased negative surface charge, which is similar to a strain completely lacking 

D-alanylation in a cytochrome C assay. This raises the question if modification and/or WTA content is 

altered in the ΔeslB mutant strain. In line with this is the observation that the ΔeslB strain was more 

resistant towards the antibiotic tunicamycin, which inhibits TarO, the initial enzyme in WTA 

biosynthesis, implying an increase in WTA content in comparison to the wild type strain. We assumed 
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that the cellular UDP-GlcNAc pool is increased when the activity of TarO or TarL are inhibited, since 

UDP-GlcNAc is consumed by TarO and used later on for WTA glycosylation (Brown et al. 2013). 

Instead, it can then be utilized for the production of peptidoglycan. In addition to the increased 

resistance towards tunicamycin, supplementation of the antibiotic could restore the growth defect of 

the ΔeslB mutant strain during heat stress, indicating that reduction/ inhibition of WTA biosynthesis 

is beneficial in the ΔeslB background. In addition, reduction of TarO activity could potentially save 

glucose-1-phosphate, another substrate of the WTA biosynthesis pathway, which could be redirected 

into the synthesis of UDP-GlcNAc by GlmMUR. Again, it remains elusive if WTA biosynthesis is altered 

and if a potentially increased biosynthesis is a result of either an excess UDP-GlcNAc, which cannot be 

used by MurA due to a dysfunctional PG biosynthesis pathway, or if biosynthesis of PG is reduced 

since the flux of UDP-GlcNAc into WTA biosynthesis is enhanced because of a so far unknown reason. 

Interestingly, fosfomycin sensitivity of the ΔeslB mutant strain is similar to wildtype levels in presence 

of tunicamycin, suggesting that the inhibition of TarO indeed results in improved MurA activity 

possibly due to increased availability of UDP-GlcNAc.       

 The WTA polymer is connected to the PG via a phosphodiester bond at the C6-hydroxyl group 

of MurNAc (Ward 1981; Brown et al. 2013). The same position is object of O-acetylation by the 

O-acetyltransferase OatA, contributing to lysozyme sensitivity. This raises the question if WTA and 

OatA compete for the same PG side chain and if increased WTA content subsequently decreases 

O-acetylation by blocking the C6-hydroxyl group of MurNAc (Aubry et al. 2011). The question is, if the 

ΔeslB strain has indeed more incorporated WTA, and if this is the case, if the decrease in O-acetylation 

is a result from this or if more WTA can be incorporated due to the lack of O-acetylation caused by 

aberrant protein activity of OatA. Decreased O-acetylation in combination with an overall more 

negative surface charge, resulting from enhanced exposure of WTA that facilitates enhanced lysozyme 

binding and activity, could be an explanation for the lysozyme sensitivity of the ΔeslB strain. It is 

tempting to speculate that similar to the regulation of hydrolases by N-deacetylation of PgdA, OatA 

might be involved in the regulation of WTA incorporation and/or synthesis by changing the 

O-acetylation state of the PG. It has to be mentioned that studies in L. plantarum showed the WTA 

content and distribution was not affected by altered O-acetylation patterns (Bernard et al. 2012). In 

general, WTA can contribute to a negative surface charge since they are not completely buried in the 

peptidoglycan meshwork, but rather expand beyond it. A thinner PG layer could consequently expose 

more of the negatively charged phosphate backbone, subsequently altering the surface charge and 

thus the activity of cationic compounds such as lysozyme and hydrolases. So far, a disruption in OatA 
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activity has not been linked to a heat-associated growth defect, indicating that this effect is OatA-

independent (preliminary data not shown). Altogether, the data suggest that the overall surface 

charge of the ΔeslB strain is increased, possibly due to increased WTA incorporation and/or enhanced 

exposure, facilitating enhanced binding and activity of cationic compounds such as lysozyme and 

hydrolases, and subsequently resulting in the loss of intrinsic lysozyme resistance and overactive 

hydrolases (Figure 7.1 D).  

7.7 Absence of EslB leads to altered localization of cell division proteins 

As discussed above, several phenotypes and suppression mechanisms of the ΔeslB strain hint towards 

an altered PG biosynthesis. Peptidoglycan precursors are important for both elongation of the lateral 

cell wall and formation of a division septum that allows the separation of daughter cells after 

duplication of the bacterial genomic DNA. Both processes involve the coordinated activity of multiple 

enzymes and require communication and cooperation with the PG biosynthesis pathway. The 

underlying mechanisms and signals of this crucial communication have yet to be fully elucidated. The 

ΔeslB mutant strain has a cell division defect, which could be a symptom of an altered PG biosynthesis 

pathway, accompanied by altered hydrolase activity (Rismondo et al. 2021). The incorporation of PG, 

which is necessary to complete division after Z-ring formation might not be possible due to a reduced 

PG pool. This hypothesis is supported by the observation that the artificial overexpression of MurA 

can suppress the cell division defect. A link between the production of cell wall precursors, cell 

elongation and growth rate was, as previously mentioned, shown to be achieved by the serine 

histidine kinas PrkC in B. subtilis, indicating tight intercommunication between the pathways (Sun et 

al. 2023). In addition, a recent study in S. aureus revealed that peptidoglycan synthesis is essential for 

septum constriction (Puls et al. 2023). In the presence of the cell wall targeting antibiotics vancomycin 

and telavancin septum constriction was halted independent of FtsZ treadmilling activity. They further 

demonstrated that recruitment of PBP2 to the septum is required for septum closure and concluded 

that PG biosynthesis determines proper late-stage cell division. Thus, aberrant PG biosynthesis in the 

ΔeslB could be the main reason for the cell division defect. To elucidate the impact of absence of EslB 

on cell division, we visualized the localization of the early cell division protein ZapA and the late cell 

division protein DivIVA in the wildtype and the ΔeslB background. Localization of ZapA was not altered 

in the ΔeslB mutant strain, indicating that localization of early cell division proteins is not altered and 

the initial formation of the septum by FtsZ is not disturbed (Rismondo et al. 2021). Polymerization of 
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FtsZ filaments into the Z-ring not only marks the position of cell division, but also act as the origin and 

scaffold for the remaining proteins that are part of the divisome (Bisson-Filho et al. 2017). ZapA was 

proposed to be involved in the switch from a more dynamic to a more ordered and persistent state 

of the FtsZ-ring, by transiently binding to FtsZ filaments and straightening them (Caldas et al. 2019). 

Consequently, it seems to be important for the maturation of the cell division machinery, before the 

actual modulation of the cell wall takes place (Caldas et al. 2019). Accurate ZapA localization therefore 

requires proper early-stage assembly of FtsZ filaments in the ΔeslB strain. This fits to the previously 

mentioned observation in S. aureus that as mentioned above demonstrate that the stop in septum 

constriction, as a result of altered PG biosynthesis is independent of FtsZ-treadmilling and affects later 

stages of cell division (Puls et al. 2023). To prevent inappropriate assembly of the divisome, the cell 

makes use of the Min inhibitory system, which hinders localization of FtsZ and subsequent 

recruitment of proteins at sites were no chromosomal segregation took place. Specifically, MinCD 

actively prevents the formation of a Z-ring. In L. monocytogenes the proper localization of MinCD is 

dependent on the late cell division protein DivIVA (Kaval et al. 2014). Consequently, DivIVA localizes 

at the division site and at the newly formed poles of the daughter cells to prevent Z-ring formation 

and migrates to the newly formed Z-ring by sensing membrane invaginations. In addition, DivIVA is 

involved in the recruitment and secretion of the two autolysins P60 and NamA (MurA), which are 

subsequently secreted by the SecA2 system and essential for daughter cell separation after cell 

division is completed (Lenz et al. 2003; Lenz and Portnoy 2002; Machata et al. 2005; Halbedel et al. 

2012). Interestingly, B. subtilis DivIVA has been found to interact with the serine/histidine kinase 

PrkCBsu (PrkA in L. monocytogenes) in bacterial two-hybrid assays, likely facilitating communication 

and cooperated execution of the elongation and PG biosynthesis process (Hammond et al. 2019; 

Pompeo et al. 2018). Localization of DivIVA was altered in the ΔeslB strain, suggesting that the 

transporter is involved in processes downstream of ZapA but upstream of DivIVA (Figure S3). This 

implies that the division defect is not solely due to the lack of peptidoglycan but rather because of 

mislocalization and altered activity of cell division proteins (Figure 7.1 B). The cell division phenotype 

could be rescued by enhancing PG levels, decreasing cell wall hydrolysis, or by decreasing the 

glycosyltransferase activity of PBP A1 and hence decreasing polymerization of newly synthesised 

peptidoglycan into the growing strand. PBPA1-dependent suppression was achieved via mutations in 

pbpA1 or via supplementation of the antibiotic moenomycin. It is inviting to hypothesise that EslB 

plays a role in the communication between proteins involved in cell wall homeostasis, resulting in 

altered activity of associated proteins. Yet another set of suppressors isolated in presence of glucose 
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or heat stress carried mutations in either the promoter region or in the gene coding for the ClpX 

chaperone that can associate with ClpP to form the protease ClpXP (Baker and Sauer 2012) (Table 

7.1). The activity of ClpXP was correlated to proper divisome assembly and the cell division machinery 

in several bacteria, including E. coli, Caulobacter cresentus, S. aureus and B. subtilis (Labana et al. 

2021; Camberg et al. 2011; Smith et al. 2014; Bæk et al. 2021). Inhibition of ClpXP in B. subtilis led to 

accumulation of FtsZ and DivIVA, as well as the elongasome-associated protein MreB (Labana et al. 

2021). In addition, ClpX has been shown to be involved in constriction of the Z-ring likely via direct 

interaction and inhibition of FtsZ assembly (Weart et al. 2005). Interestingly, deletion of ClpX in 

S. aureus results in a growth defect at 30°C that is associated with aberrant, FtsZ-independent septum 

formation and that can by rescued by specifically inhibiting either peptidoglycan cross-linking or the 

activity of TarO and consequently WTA biosynthesis (Bæk et al. 2016; Bæk et al. 2021; Jensen et al. 

2019). These data suggest that mutations in clpX could result in altered activity of cell division 

proteins, like FtsZ.        

 Interestingly, several recent studies also suggest a role of the O-acetyltransferase OatA in the 

cell division process. There are several indications in various organisms that underline the tight 

connection between O-acetylation of MurNAc and the cross-linking process. For instance, the extent 

of O-acetylation rapidly increases in association with the incorporation of lipid II and O-acetylation 

was severely reduced after treatment with penicillin, which targets the transpeptidase activity of PBPs 

(Sychantha et al. 2018). Moreover, PBP2 was suggested to play a direct role in facilitating both 

transpeptidation and O-acetylation of peptidoglycan in Neisseria gonorrhoea (Dougherty 1985; 

Dougherty 1983). AS mentioned above, we also isolated an ΔeslB suppressor strain that carried a 

mutation in the gene coding for the penicillin binding protein PBP A1, which could rescue the cell 

division defect of ΔeslB, as well as the growth defect in presence of lysozyme (Schulz et al. 2022). 

Likewise, the addition of the antibiotic moenomycin, which targets the glycosyltransferase activity of 

PBPs could suppress the heat sensitivity (Huber and Nesemann 1968).    

 Aside from its proposed tight collaboration with PBPs and dependency on cross-linked 

peptidoglycan, OatA was also more recently directly brought in association with the cell division 

machinery. In B. anthracis deletion of the OatA paralogs PatA and PatB resulted in a cell division 

defect, which was fortified in combinational deletion mutants with oatA (Laaberki et al. 2011). 

Likewise, a strain lacking Adr, an O-acetyltransferase in S. pneumonia, had a disturbed cell wall 

structure, as well as altered septation. Deletion of adr not only led to increased susceptibility to the 

cell wall hydrolase LytA, but also to increased sensitivity towards penicillin, underlining its tight 
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correlation with peptidoglycan cross-linking (Crisóstomo et al. 2006; Bonnet et al. 2017). Interestingly, 

further studies revealed that Adr migrates to the future division site before PG biosynthesis and that 

FtsZ localization is altered in an adr deletion strain. Moreover, studies in Lactococcus plantarum 

suggest that OatA plays a role in the spatial-temporal recruitment of the cell division machinery, 

independent of its O-acetyltransferase activity (Bernard et al. 2012). Overexpression of oatA in 

L. plantarum led to altered septum formation and to a curved morphology. Interestingly, localization 

studies of the MinCD system in the oatA mutant suggest that OatA is important for proper localization 

and MinCD-dependent inhibition of aberrant Z-ring formation in this organism (Bernard et al. 2012). 

While the precise function of OatA in cell division remains elusive, several studies indicate a close 

relationship between cell division, cross-linking and OatA activities in various organisms, which might 

be an explanation why OatA homologues are present in lysozyme sensitive and resistant bacterial 

strains. It is tempting to speculate that OatA has a similar role in cell division in L. monocytogenes. So 

far, no such role of OatA has been described or analysed in this pathogen. However, preliminary 

bacterial-two hybrid experiments suggest that there is indeed an interaction between MinCD and 

OatA (Figure S4). It would be interesting to see if an oatA deletion strain has similar morphological 

phenotypes and an increased susceptibility towards cell wall targeting antibiotics, to elucidate its role 

in cell wall biosynthesis and division. Aberrant localization of cell division proteins in the ΔeslB deletion 

strain, as seen for DivIVA, might result in altered localization of OatA and in turn to a dysfunctional 

protein, which could not only explain the decrease in O-acetylation, but could potentially be the 

missing link between altered cell wall biosynthesis, cell division and cross-linking to increased 

lysozyme sensitivity in the transporter mutant. 

7.8 Conclusion and future remarks 

The extensive suppressor screen of the ΔeslB deletion strain under several different stress conditions 

revealed a crucial role of the transporter in various separate aspects of the cell wall architecture 

including cell wall biosynthesis, modification, cross-linking, hydrolysis and WTA biosynthesis. 

Although, at first glance the phenotypes do not appear to be connected, closer analysis revealed tight 

interplay between different pathways of cell wall homeostasis. Alterations in one of the pathways 

could destabilize the balance and control of the others, resulting in an array of different morphological 

and stress-associated phenotypes. All of these phenotypes and suppression mechanisms suggest a 

role of EslB in the production of appropriate peptidoglycan levels, as well as in the proper succession 
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of the cell division process, and phenotypes are likely a result from several auxiliary factors. For 

instance, lysozyme sensitivity probably not only results from decreased O-acetylation of MurNAc but 

rather results from a combinational effect of altered cross-linking, alterations in WTA biosynthesis or 

presentation and an increased overall surface charge. This raises the question if the phenotypes are 

a consequence from an altered availability and/or distribution of the UDP-GlcNAc pool and if EslB 

directly or indirectly controls peptidoglycan levels by interacting with proteins that are part of the 

biosynthesis pathway. It remains elusive if EslABC is involved in translocation of substrates across the 

membrane that are essential players for cell wall homeostasis, such as import of GlcNAc, MurNAc or 

recyclable peptidoglycan components. Alternatively, EslB could have a cognate regulatory function, 

similar to that of the ABC transporter FtsEX, which is solely involved in the regulation of the cell wall 

hydrolase CwlO. EslB could likewise regulate CwlO, or related hydrolases, or interact with PBPs to 

regulate their activity upon environmental changes or changes in the cell wall architecture. Even 

though various aspects and factors involved in the general structure and homeostasis of the cell wall 

have been studied extensively for decades, the communication, regulation and adaptation of the 

connected pathways have only recently begun to unravel. Our analysis gives raise to several open 

questions and opened an array of hypotheses. It would be interesting to analyse if the WTA content 

is indeed altered in the eslB mutant strain or if the increased surface charges solely result from 

enhanced exposure of WTA in the thinned peptidoglycan layer. This could elucidate if this increased 

surface charge is the main reason for an enhanced CwlO and lysozyme activity which is detrimental 

to the cell or just an auxiliary secondary effect contributing to the overall vulnerability of the strain. 

Furthermore, more in depth studies of the role of the O-acetyltransferase OatA in cell division could 

broaden the knowledge and draw a clearer picture of the general process of cellular growth and 

communication and harmonization of cell wall maturation. Altogether, EslABC is a prime example for 

illustrating how the absence of a single factor can have detrimental effects on various vital processes 

that allow bacterial growth and survival.  
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7.9 Tolerance towards quaternary ammonium compounds 

L. monocytogenes is one of the most successful human pathogens partly due to its great ability to 

survive and thrive in stressful environments that are particularly found in the food industry as a 

countermeasure for contaminations in food products. One method to prevent the spread of 

pathogens is the use of disinfectants that usually contain a mixture of quaternary ammonium 

compounds as active agents. Here we analysed the ability of the L. monocytogenes laboratory strain 

EGD-e to adapt to benzalkonium chloride (BAC) and cetyltrimethylammonium bromide (CTAB), two 

quaternary ammonium compounds (QACs) commonly used as active agents in disinfectants. To our 

knowledge previous studies were solely focused on the acquisition of BAC tolerance in isolated strains 

from the environment and no studies have addressed the ability of L. monocytogenes to adapt to 

CTAB at all. We found that EGD-e primarily adapts to CTAB stress by overexpressing the multi-drug 

efflux pumps SugE1 and SugE2, while BAC tolerance results from overexpression of the efflux pump 

FepA. Interestingly, both suppression mechanisms compensate for each other when the parental 

strain is lacking either SugE1/2 or FepA and even if both efflux systems are missing, the EGD-e wildtype 

strain can still acquire tolerance via mutations that potentially alter the synthesis of phospholipids.  

7.10 Overexpression of efflux system is the dominant mode of tolerance 

The presence or overexpression of efflux systems are often associated with BAC tolerance in 

L. monocytogenes isolates and previous studies focussing on the tolerance mechanism of serial 

adapted strains revealed that tolerance is primarily achieved by mutations in the gene coding for the 

TetR-like transcriptional regulator FepR (Guérin et al. 2014; Guérin et al. 2021; Bolten et al. 2022). 

However, since isolated strains have a high frequency of genomic variations and it is difficult to draw 

a generalized conclusion, we analysed if the EGD-e wildtype strain acquires similar mutations. Indeed, 

the adapted laboratory wildtype strain EGD-e likewise readily obtained mutations exclusively in fepR 

upon exposure to BAC. Consistent with previous studies, we also found that fepR mutations resulted 

in the ability to grow at increased BAC concentrations of approximately 6-7 mg L-1 (Aase et al. 2000; 

Bolten et al. 2022; Guérin et al. 2021). FepR represses itself as well as fepA, which codes for the 

multidrug and toxic compound extrusion (MATE) family efflux pump FepA (Guérin et al. 2014). MATE 

family efflux pump, which typically facilitate a Na+ or H+ electrochemical gradient for the efflux of 

compounds across the membrane, have also been brought in association with BAC tolerance in other 

organisms, including NorM in Neisseria meningitidis and N. gonorrhoeae, as well as PmpM in 
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Pseudomonas aueruginosa (Kuroda and Tsuchiya 2009; Omote et al. 2006; Radchenko et al. 2015; He 

et al. 2004; Rouquette-Loughlin et al. 2003). Earlier findings showed that the deletion of fepR results 

in 64-fold overexpression of fepA, and consequently it was hypothesized that fepR-associated 

mutations result in enhanced FepA levels, which in turn extrudes BAC from the cytoplasm of the cell 

(Guérin et al. 2021; Bolten et al. 2022). Though, the addition of the efflux pump inhibitor reserpine 

did not result in reduced BAC tolerance in a fepR mutated strain, raising the question whether 

overexpression of FepA is really the primary reason for the observed tolerance or whether FepR also 

regulates the expression of other tolerance determinants (Guérin et al. 2014). Here we show that 

artificial overexpression of fepA in the wildtype background phenocopied the growth of that of a fepR 

suppressor mutant and we conclude that the underlying suppression mechanism for BAC tolerance in 

the fepR mutant strains is due to the overexpression of the MATE efflux pump FepA.  

While tolerance towards BAC in isolated strains has been extensively described in the 

literature, the research regarding CTAB tolerance remains limited, apart from the observation that 

mutations in fepR or the presence of genes coding for the efflux pump QacH or SugE1/2 lead to cross-

adaptation towards CTAB in addition to BAC or associated disinfectants (Müller et al. 2013; Müller et 

al. 2014; Jiang et al. 2020). We observed that suppressors readily evolved in presence of CTAB stress 

and interestingly, isolated suppressors exclusively carried mutations in the gene coding for the TetR-

family like regulator SugR. sugR is part of the sugRE1E2 operon, which was proposed to be the 

chromosomal counterpart of the plasmid-based BAC resistance cassette bcrABC operon that is 

commonly associated with BAC tolerance in Listeria isolates (Jiang et al. 2020; Elhanafi et al. 2010). 

sugE1 and sugE2 code similar to bcrB and bcrC for two SMR efflux pumps and the expression of either 

SugE1 or SugE2 was found to contribute to QACs’ resistance including BAC and CTAB in previous 

research (Jiang et al. 2020). Furthermore, SugR was shown to bind to the promoter region of the sug 

operon and to negatively regulate the expression of sugE1/2 (Jiang et al. 2020). Consequently, 

mutations in either the gene coding for SugR or in the promoter region of the sug operon likely 

diminishes binding of the regulator and results in de-repression of the efflux system. This hypothesis 

was verified by the observation that the artificial overexpression of SugE1/2 in the wildtype 

background resulted in CTAB- and BAC-tolerance. Unlike fepR associated mutations, no cross-

adaptation apart from BAC was observed when SugE1/2 levels were increased, indicating that the 

efflux system is rather specific for QAC’s. These results tie well with previous reports, showing that a 

strain lacking both sugE1 and sugE2 were more sensitive to other QACs’ such as benzalkonium 

bromide, benzelthonium chloride and didecyldimethylammoniumchloride but showed similar 
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tolerance towards antibiotics such as ampicillin, ciprofloxacin or kanamycin (Jiang et al. 2020). In 

contrast to MATE family transporter, SMR proteins facilitate proton motive force driven efflux (Bay et 

al. 2008). They were initially classified into two subgroups I) small multidrug proteins (SMP) and II) 

suppressors of groEL mutations (Sug) proteins that were as the name implies previously thought to 

be involved in the suppression of groEL mutations (Paulsen et al. 1996). However, the second class 

was recently renamed into “riboswitch regulated Gdm* exporter (GDM), since they are typically 

regulated by riboswitches in gram-negative bacteria (Bay et al. 2008; Bay and Turner 2009). The 

extensively studied SugE protein from E. coli was hence renamed into Gdx. Efflux pumps belonging to 

the Sug or Gdm subgroup such as Gdx are often only associated with tolerance towards limited range 

of QAC, including BAC, CTAB or cetylpyridinium (CTP) (Bay and Turner 2009; Bay et al. 2008; Chung 

and Saier 2002), while SMPs are often associated with tolerance towards QAC, cation based 

antimicrobials, as well as some antibiotics.  

In addition to SugE1/2, several other SMR family efflux pumps have been associated with QAC 

tolerance, including the previously mentioned BcrABC efflux system (Dutta et al. 2013), as well as 

QacH, which is commonly localized on the Tn6188 transposon (Müller et al. 2013; Müller et al. 2014) 

and EmrE which was located as part of the genomic island LGI1 (Kovacevic et al. 2016). In contrast to 

the other systems, QacH conferred tolerance towards Ethidium bromide (EtBR) in addition to a wide 

range of QACs.           

 However, many studies only focus on the presence of these efflux systems in tolerant isolates, 

but detailed analysis of their function and expression is often missing. In addition, it is difficult to 

compare their involvement to QAC sensitive strains, due to high genomic variations in isolated strains, 

where unknown factors could additionally contribute to tolerance. An example for this is the major 

facilitator superfamily efflux pump MdrL, which is often used as chromosomal marker for BAC 

tolerance in isolates (Jiang et al. 2019b). However, its actual role in BAC tolerance differed significantly 

in an allele-substituted mutant of the transporter that was constructed in the L. monocytogenes 

isolate LOTM1 in comparison to a deletion mutant in the EGD-e background (Mata et al. 2000; Jiang 

et al. 2019b). In the LOTM1 background deletion of mdrL resulted in increased sensitivity not only 

towards BAC, but also to cefotaxime and EtBr in agar-based MIC assays (Mata et al. 2000). This, 

however, could not be replicated in the EGD-e background, where merely a growth defect was 

observed at concentrations of 2 µg ml-1 in liquid BHI medium but no decrease in sensitivity using the 

agar dilution method, nor cross-adaptation (Jiang et al. 2019b). As mentioned above the presence 

and/or expression levels of MdrL and concomitantly of Lde are often seen as the main chromosomally 
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based efflux system in L. monocytogenes isolates. In contrary, we did not isolate any suppressors 

containing mutations in either of the two genes, even in the absence of either FepA or SugE1/2, or 

when both systems are missing. This indicates that they only play a minor, rather insignificant role in 

the EGD-e wildtype strain for BAC and CTAB tolerance.  

Aside from efflux pumps belonging to the MATE or SMR family, several other classes have 

been described to contribute to QAC tolerance, including ATP-binding cassette (ABC)-transporter, 

major-facilitator superfamily (MFS)-transporter and resistance-nodulation-division (RND)-transporter 

(Wand and Sutton 2022). RND-transporter seem to play a particularly important role in QAC tolerance 

in gram-negative bacteria, likely because they span both, the inner, as well as the outer membrane. 

Thus, several different RND pumps have been described in various organisms (Wand and Sutton 

2022). This includes MdtABC-TolC in Salmonella enterica (Horiyama et al. 2010); MexCD-OprJ in 

P. aeruginosa, which confers tolerance towards BAC and chlorhexidindigluconat (CHX) (Morita et al. 

2003); OqxAB in E. coli and Enterobacteriaceae, which was likewise reported to contribute to BAC and 

CHX tolerance (Hansen et al. 2007) or AcrAB-TolC in Klebsiella and E. coli (Nordholt et al. 2021).  

Similarly, various examples for MFS-transporter have been described in the context of biocide 

tolerance. In contrast to MATE- or SMR-efflux pumps, MFS-transporter facilitate the alternating 

excess model to extrude a broad spectrum of substrates (Jardetzky 1966). The MFS efflux systems 

MdtM was found to be involved in QAC tolerance in E. coli, while SmuA and SmfY were identified in 

Enterobacteriaciae and Serratia marcescens, respectively.  

Many of the mentioned QAC tolerant organisms are human pathogens that pose a threat to 

the general well-being. However, as mentioned above these efflux systems have mainly been 

associated with QAC tolerance due to their presence in tolerant isolates and in-depth studies of the 

underlying mechanisms are rare. The high abundance of different types of biocide-associated efflux 

systems in pathogenic bacteria and their diverse substrate profile underlines the importance of 

further research on mechanisms that contribute to QAC tolerance.  

As mentioned above, adaptation to QACs is often associated with cross-adaptation. For 

instance, serial passaging of Enterococcus faecium led to increased resistance towards ampicillin, 

cefotaxime, ciprofloxacin and tetracycline (Gadea et al. 2017). Likewise, a biocide tolerant 

Lactobacillus pentosus strain was additionally resistant to ampicillin, chloramphenicol and 

ciprofloxacin and the strain showed improved survival at low pH and in the presence of 2%-3% bile 

acids (Del Casado Muñoz et al. 2016b; Del Casado Muñoz et al. 2016a). Since we did not observe 
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increased cross-adaptation in CTAB adapted suppressors, it might be recommended to use it more 

extensively than BAC.  

It has to be mentioned that tolerance is often acquired for below-use level concentrations of 

BAC. Nevertheless, outbreaks and infection was often associated with BAC tolerance for various 

organisms including P. aeuroginosa and S. marcescens (Kampf 2018) and continuous exposure to 

lower-levels might facilitate the acquisition of secondary mutations that further enhances tolerance. 

An example for this is Klebsiella pneumoniae, which primarily acquired mutations in the repressor of 

the MFS efflux pump SmvA that conferred tolerance towards chlorhexidine, as well as the last resort 

antibiotic colistin (Wand et al. 2017). Prolonged exposure resulted in secondary mutations in the gene 

coding for proteins associated with the outer membrane or lipopolysaccharide (LPS). Likewise, we 

were wondering if we could identify efflux-independent tolerance mechanisms in L. monocytogenes. 

Therefore, we further adapt EGD-e strain that lacks one of the transporting system or both FepA and 

SugE1/2.  

7.11 Efflux-independent QAC tolerance 

We isolated suppressors from ΔfepA, ΔsugE1/2, and a ΔfepAΔsugE1/2 deletion strains in presence of 

BAC and CTAB. Sanger sequencing revealed that if one of the efflux systems is missing, overexpression 

of the other could compensate for the loss. Remarkably, in the ΔfepAΔsugE1/2 double deletion strain 

we identified mutations in lmo1753 in all isolated suppressors. Lmo1753 is a homologue of the 

diacylglycerol kinase DgkB of B. subtilis with 64% sequence identity and 87.2% similarity. DgkB is 

involved in the recycling of toxic phosphatic acid as part of the biosynthesis of lipoteichoic acids (LTA) 

(Jerga et al. 2007; Matsuoka et al. 2011). LTA are anchored to the bacterial membrane and make up 

a significant part of the cell envelope of gram-positive bacteria. They play crucial roles in cellular 

growth and morphology and contribute to the overall negative charge of the cell surface. The anionic 

phosphate of the LTA backbone can be masked by positively charged D-alanylation and thus LTA 

content and decoration play a major role in cation homeostasis of the cellular surface (Percy and 

Gründling 2014). Taking this into account, it is tempting to speculate that in the suppressor mutants, 

altered LTA synthesis may modify cation homeostasis of the cellular membrane thereby hindering 

binding of QACs and subsequent pore formation. Changes in envelope homeostasis and membrane 

fluidity have been previously proposed to confer tolerance towards BAC. For instance, a tolerant 

L. monocytogenes isolate exhibited a minor shift to longer fatty acids compared to sensitive strains 

(To et al. 2002). Likewise, overall fatty acid content contributed to QAC resistance in S. marcescens 
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(Chaplin 1952) and adapted P. aeruginosa strains showed a global decrease in the percentage of 

hydroxy fatty acids (Jones et al. 1989; Guerin-Mechin et al. 2000). Furthermore, a comparison of 

protein expression profiles of sensitive and resistant ciprofloxacin Edwardsiella tarda revealed that 

overexpression of fatty acids biosynthesis not only contributes to ciprofloxacin resistance, but also to 

increased tolerance towards QACs (Su et al. 2021). So far, no suppressors or isolates of 

L. monocytogenes have been described in the literature that acquired altered LTA biosynthesis to 

increase tolerance towards BAC or CTAB and our results suggest that other efflux systems, aside from 

SugE1/2 and FepA, are less effective in the contribution towards QAC tolerance. Apart from LTA 

synthesis, DgkB is also involved in the production of other glycolipids and phospholipids and mutation 

might result in an overall altered fatty acid profile (Hashimoto et al. 2013). The importance of the 

membrane composition for QAC tolerance was also shown in studies that revealed that the 

downregulation of outer membrane porins such as OprF and OprG likewise contributed to QAC 

tolerance in P. aeruginosa, E. coli and Mycobacterium smegmatis, likely due to reduced uptake 

(Frenzel et al. 2011; Machado et al. 2013). Further analysis is required to explore the extend of the 

mutations in lmo1753 in L. monocytogenes and their role in lipid content, cation homeostasis and QAC 

tolerance. 

Overall, our study showed that the L. monocytogenes wildtype strain can readily acquire stable 

mutations and can make use of different tolerance mechanism to combat QAC stress. While the major 

mode of resistance is the overexpression of efflux systems that although rather unspecific for BAC or 

CTAB show different levels of affinity towards the two QACs. While the exposure to subinhibitory 

concentrations of BAC results in additional resistance towards antibiotics such as gentamycin, which 

is commonly used in the treatment of serious listeriosis, no cross-resistance could be identified for 

CTAB-tolerant strains. CTAB might therefore be the QAC of choice especially in food-processing 

facilities. It has to be mentioned that our approach does not show adaptation towards recommended 

BAC or CTAB concentrations typically found in commonly used sanitizers. However, subinhibitory 

levels of BAC and CTAB are often present in niches that are difficult to sanitize or arise due to improper 

use and comparably tolerant isolates have been found in association with outbreaks in the past 

(Weber et al. 2007). Aside from the overexpression of efflux systems, we could also show that 

L. monocytogenes can mutate additional routes that seem to be independent from simply extruding 

the toxic compounds but are rather related to the modification of cell envelope homeostasis.  
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Chapter 9 | Supplementary material 

9.1 Mutation F976fs in mfd suppresses eslB phenotypes 

 

Figure S1 | Mutation F976fs in mfd suppresses eslB phenotypes. A Drop dilution assay. Dilutions of 
L. monocytogenes strains 10403S (wt), ΔeslB(1), ΔeslB(1) compl. And ΔeslB(1) mfdI976fs were spotted on BHI plates, 
BHI plates containing 100 µg ml-1 lysozyme or containing 0.5 M sucrose and 0.025 µg ml-1 penicillin G and were 
incubated at 37°C or at 42°C. B Microscopy images of the 10403S (wt), ΔeslB(1) and the ΔeslB(1) mfdI976fs. Nile red 
was used to stain the bacterial membranes. C Cell length of 50 cells per strain was measured using the ImageJ 
software and the median cell llength was calculated. The average value and standard deviations of three 
independent experiments were plotted. For statistical analysis, a one-way ANOVA coupled with Turkey’s 
multiple comparison test was used (* p ≤ 0.1).  
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9.2 GlcNAc utilization of the ΔeslB strain 

 

Figure S2 | GlcNAc utilization of the ΔeslB strain. A and B Bacterial growth curves are shown for L. 
monocytogenes 10403S (wt), ΔeslB(2) and the ΔeslB(2) compl.. Strains were grown in LSM defined minimal 
medium containing Glucose (A) or GlcNAc (B) as the sole carbon source. The OD600 was measured at hourly 
intervals and the average value and standard deviations from three independent experiments are depicted. C 
Drop dilution assay. Dilutions of L. monocytogenes strains 10403S (wt), ΔeslB(1), and ΔeslB(1) compl. Were spotted 
on BHI plates, BHI plates containing 100 µg ml-1 lysozyme or containing 0.5 M sucrose and 0.025 µg ml-1 
penicillin G and were incubated at 37°C or at 42°C with and without the addition of 0.5 M GlcNAc. All plates 
were supplemented with 1 mM IPTG.  
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9.3 Aberrant localization of mNeonGreen-DivIVA in ΔeslB 

 

Figure S3 | Aberrant localization of mNeonGreen-DivIVA in ΔeslB. Localization of mNeonGreen-DivIVA in 
L. monocytogenes 10403S (wt) and ΔeslB(2). Bacterial membranes were stained with Nile red, and cells were 
examined by phase-contrast microscopy (left) and by fluorescence microscopy to analyse mNeonGreen (middle) 
and Nile red (reft) fluorescence signals. Representative images from three independent experiments are shown.  
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9.4 Interaction of OatA with the Min system 

 

 

Figure S4 | Interaction of OatA with the Min system. Bacterial two-hybrid analysis of interactions with OatA, 
MinC and MinD. Plasmids encoding OatA, MinC and MinD each fused to the T18 and T25 fragments were co-
transformed into E. coli BTH101. pkT25-Zip and pUT18c-Zip were used as a positive control, while the empty 
vectors pKT25 and pUT18c were used as negative controls. A representative image of three independent 
experiments is shown.  
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9.5 E. coli strains used in this study 

Strain Genotype Reference/Construction 

ANG1264 DH5α pKSV7; AmpR (Smith and Youngman 1992) 

ANG1265 XL1-Blue pKT25; KanR (Karimova et al. 2001) 

ANG1266 XL1-Blue pKNT25; KanR (Karimova et al. 2005) 

ANG1267 XL1-Blue pUT18; AmpR (Karimova et al. 2001) 

ANG1268 XL1-Blue pUT18C; AmpR (Karimova et al. 2001) 

ANG1269 XL1-Blue pKT25-zip; KanR (Karimova et al. 1998) 

ANG1270 XL1-Blue pUT18C-zip; AmpR (Karimova et al. 1998) 

ANG4242 XL1-Blue pIMK2; KanR (Monk et al., 2008) 

ANG4243 XL1-Blue pIMK3; KanR (Monk et al., 2008) 

ANG4236 XL1-Blue pKSV7-∆eslB; AmpR (Rismondo et al. 2021) 

ANG4647 XL1-Blue pIMK3-eslB; KanR (Rismondo et al. 2021) 

ANG5181 XL1-Blue pPL3e-lacZ; CamR (Rismondo et al. 2019) 

ANG5660 XL1-Blue pPL3e-PeslA-eslABC; CamR (Rismondo et al. 2021) 

ANG5661 SM10 pPL3e-PeslA-eslABC; KanR CamR (Rismondo et al. 2021) 

EJR4 XL1-Blue pKNT25-eslA; KanR (Rismondo et al. 2021) 

EJR5 XL1-Blue pKT25-eslA; KanR (Rismondo et al. 2021) 

EJR6 XL1-Blue pUT18-eslA; AmpR (Rismondo et al. 2021) 

EJR7 XL1-Blue pUT18C-eslA; AmpR (Rismondo et al. 2021) 

EJR8 XL1-Blue pKNT25-eslB; KanR (Rismondo et al. 2021) 

EJR9 XL1-Blue pKT25-eslB; KanR (Rismondo et al. 2021) 

EJR10 XL1-Blue pUT18-eslB; AmpR (Rismondo et al. 2021) 

EJR11 XL1-Blue pUT18C-eslB; AmpR (Rismondo et al. 2021) 

EJR12 XL1-Blue pKNT25-eslC; KanR (Rismondo et al. 2021) 

EJR13 XL1-Blue pKT25-eslC; KanR (Rismondo et al. 2021) 

EJR14 CLG190 pUT18-eslC; AmpR (Rismondo et al. 2021) 

EJR15 XL1-Blue pUT18C-eslC; AmpR (Rismondo et al. 2021) 

EJR50 XL1-Blue pAC7-Pdlt; AmpR (Rismondo et al. 2021) 

EJR51 XL1-Blue pAC7-Pdlt*; AmpR (Rismondo et al. 2021) 

EJR52 XL1-Blue pIMK3-murA; KanR (Rismondo et al. 2021) 

EJR56 S17-1 (Hanahan 1983) 

EJR58 S17-1 pIMK3; KanR (Rismondo et al. 2021) 

EJR59 S17-1 pIMK3-murA; KanR (Rismondo et al. 2021) 

EJR116 XL1-Blue pKSV7-mfd 

Primer: LMS328/LMS329 and 
LMS330/LMS331 Template: 
gDNA 10403S; LFH: 
LMS328/LMS331; BamHI and 
KpnI, ligated into pKSV7 

EJR149 XL10-Gold pWH844; AmpR (Schirmer et al. 1997) 

EJR227 XL10-Gold pIMK3-fepA; KanR (Schulz et al. 2023) 

EJR229 XL1-Blue pKSV7-sugE1/2; AmpR (Schulz et al. 2023) 

EJR230 XL1-Blue pKSV7-fepA; AmpR (Schulz et al. 2023) 

EJR242 XL10-Gold pWH844-fepR; AmpR (Schulz et al. 2023) 
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EJR248 XL10-Gold pWH844-fepRL24F; AmpR (Schulz et al. 2023) 

EJR257 DH5α pPL3e-PfepR-lacZ; CamR (Schulz et al. 2023) 

EJR258 DH5α pPL3e-PfepR
A-33G-lacZ; CamR (Schulz et al. 2023) 

EJR259 XL10-Gold pIMK3-sugE1/2; KanR (Schulz et al. 2023) 

EJR260 DH5α pPL3e-PfepR
G-27T-lacZ; CamR (Schulz et al. 2023) 

 

9.6 E. coli strains constructed in this study 

Strain Genotype Reference/Construction 

EJR39 XL1-Blue pIMK2-mNeonGreen-zapA; KanR (Rismondo et al. 2021) 

EJR43 XL1-Blue pKSV7-∆eslC; AmpR (Rismondo et al. 2021) 

EJR44 XL1-Blue pKSV7-eslA-R; AmpR;  Primer: JR13/TA10 and 
JR14/TA6 Template: gDNA 
10403S; LFH: TA6/TA10; BamHI 
KpnI, ligated into pKSV7 

EJR45 XL1-Blue pKSV7-walK; AmpR Primer: LMS95/96 and 
LMS97/98 Template: gDNA 
10403S; LFH: LMS96/97; BamHI 
KpnI, ligated into pKSV7 

EJR46 XL1-Blue pKSV7-eslA-C; AmpR  Primer: JR16/17 and JR15/TA10 
Template: gDNA 10403S; LFH: 
TA10/JR17; BamHI KpnI, ligated 
into pKSV7 

EJR47 SM10 pHPL3 Empty vector pHPL3 → SM10 

EJR48 SM10 pSLIV2 Empty vector pSLIV2 → SM10 

EJR49 SM10 pHLIV2 Empty vector pHLIV2 → SM10 

EJR54 XL1-Blue pKSV7-∆eslA; AmpR (Rismondo et al. 2021) 

EJR60 S17-1 pIMK2-mNeonGreen-zapA; KanR (Rismondo et al. 2021) 

EJR62 XL1-Blue pKSV7-ftsEX; AmpR; Primer: LMS100/101 and 
LMS102/103 Template: gDNA 
10403S; LFH: LMS101/102; 
BamHI KpnI, ligated into pKSV7 

EJR63 XL1-Blue pKSV7-ΔcwlO; AmpR Primer: LMS100/101 and 
LMS102/103 Template: gDNA 
Lmo 10403S; LFH: LMS101/102; 
BamHI KpnI, ligated into pKSV7 

EJR64 XL1-Blue pKSV7-ΔwalH; AmpR Primer: LMS104/LMS105 and 
LMS106/LMS107 Template: 
gDNA Lmo 10403S; LFH: 
LMS105/LMS106; BamHI KpnI, 
ligated into pKSV7 

EJR65 XL1-Blue pUT18c-oatA; AmpR  Primer: JR118/119 Template: 
gDNA 10403S; XbaI KpnI, ligated 
into pUT18c 
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EJR66 XL1-Blue pUT18-oatA; AmpR  Primer: JR118/119 Template: 
gDNA 10403S; XbaI KpnI, ligated 
into pUT18 

EJR67 XL1-Blue pKNT25-oatA; KanR  Primer: JR118/119 Template: 
gDNA 10403S; XbaI KpnI, ligated 
into pKT25 

EJR68 XL1-Blue pKNT25-oatA; KanR  Primer: JR118/119 Template: 
gDNA 10403S; XbaI KpnI, ligated 
into pKNT25 

EJR69 XL1-Blue pUT18c-oatA; AmpR  Primer: JR120/121 Template: 
gDNA 10403S; XbaI KpnI, ligated 
into pUT18c 

EJR70 XL1-Blue pUT18-oatA; AmpR  Primer: JR120/121Template: 
gDNA 10403S; XbaI KpnI, ligated 
into pUT18 

EJR71 pKT25-oatA; KanR  Primer: JR120/121 Template: 
gDNA 10403S; XbaI KpnI, ligated 
into pKT25 

EJR72 pKNT25-oatA; kanR  Primer: JR120/121 Template: 
gDNA 10403S; XbaI KpnI, ligated 
into pKNT25 

EJR73 XL1-Blue pKSV7-corA; AmpR  Primer: LMS211/LMS212 and 
LMS213/LMS214 Template: 
gDNA 10403S; LFH: 
LMS211/LMS214; BamHI KpnI, 
ligated into pKSV7 

EJR74 XL1-Blue pKSV7-anrA; AmpR  Primer: LMS218/LMS219 and 
LMS220/LMS221 Template: 
gDNA 10403S; LFH: 
LMS218/LMS221; BamHI KpnI, 
ligated into pKSV7 

EJR75 XL1-Blue pKSV7-kat; AmpR  Primer: LMS197/LMS198 and 
LMS199/LMS200 Template: 
gDNA 10403S; LFH: 
LMS197/LMS200; BamHI KpnI, 
ligated into pKSV7 

EJR76 XL1-Blue pKSV7-sod; AmpR Primer: LMS204/LMS205 and 
LMS206/LMS207 Template: 
gDNA 10403S; LFH: 
LMS204/LMS207; BamHI KpnI, 
ligated into pKSV7 

EJR77 XL1-Blue pUT18c-pbpA1; AmpR  Primer: JR122/123 Template: 
gDNA 10403S; XbaI KpnI, ligated 
into pUT18c 

EJR78 XL1-Blue pUT18-pbpA1; AmpR  Primer: JR122/123 Template: 
gDNA 10403S; XbaI KpnI, ligated 
into pUT18 
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EJR79 XL1-Blue pKT25-pbpA1, KanR  Primer: JR122/123 Template: 
gDNA 10403S; XbaI KpnI, ligated 
into pKT25 

EJR80 XL1-Blue pKNT25-pbpA1; KanR  Primer: JR122/123 Template: 
gDNA 10403S; XbaI KpnI, ligated 
into pKNT25 

LJR83 XL10-Gold pGP570-walR DNA: Lmo 10403s, primer: 
LMS444/445, enzymes: 
HindIII/XhoI, ligated with 
pGP570 

EJR90 S17-1 pIMK2-divIVA-mNeonGreen; KanR  EJR92 → S17-1 

EJR91 XL1-Blue pDR244 pDR244 → Xl1-blue 

EJR92 XL1-Blue pIMK2-DivIVA-mNeonGreen; 
KanR  

Primer: LMS93/94 and 
LMS95/96 Template: gDNA 
10403S; LFH: LMS93/96; SalI 
KpnI, ligated into pIMK2 

EJR93 XL1-Blue pIMK2-eslA-mNeonGreen-eslB  
 

DNA: Lmo LJR16, primer: 
JR97/98, enzymes: NcoI/SalI, 
ligated with pIMK2 
 

EJR94 S17-1-pIMK2-eslA-mNeonGreen-eslB EJR93 → S17-1 

EJR95 XL1-Blue pIMK3-lmo0041EGD-e 
 

DNA: Lmo EGD-e, primer: 
LMS258/259, enzymes: 
NcoI/BamHI, ligated with pIMK3 

EJR96 XL1-Blue pIMK3-lmo0552EGD-e 
 

DNA: Lmo EGD-e, primer: 
LMS252/253, enzymes: 
NcoI/BamHI, ligated with pIMK3 

EJR97 XL1-Blue pIMK3-lmo2698EGD-e 
 

DNA: Lmo EGD-e, primer: 
LMS232/233, enzymes: 
NcoI/PstI, ligated with pIMK3 

JR98 XL1-Blue pIMK3-lmo2732EGD-e 
 

DNA: Lmo EGD-e, primer: 
LMS238/239, enzymes: 
NcoI/PstI, ligated with pIMK3 

EJR99 XL1-Blue pIMK3-lmo2795EGD-e 
 

DNA: Lmo EGD-e, primer: 
LMS246/247, enzymes: 
NcoI/PstI, ligated with pIMK3 

EJR100 Dh5α pIMK2-eslAB-mNeonGreen; KanR, Primer: JR99/97 gDNA LJR16; 
LFH: LMS96/97; enzymes 
NcoI/SalI, ligated into pIMK2 

EJR101 Dh5α-blue pIMK3-gshf; KanR Primer: LMS224/LMS225 gDNA 
10403S; enzymes: NcoI/PstI 

EJR102 S17-1 pIMK2-eslAB-mNeonGreen; KanR  EJR100 → in S17-1 

EJR103 S17-1 pIMK3-gshf; KanR EJR101 → in S17-1 

EJR106 XL1-Blue pIMK3-glmR; KanR (Schulz et al. 2022) 

EJR107 XL1-Blue pIMK3-glmU; KanR (Schulz et al. 2022) 

EJR108 XL1-Blue pIMK3-glmM; KanR (Schulz et al. 2022) 
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EJR110 S17-1 pIMK3-lmo1315; KanR EJR109 → S17-1 

EJR112 XL1-Blue pIMK3-glmS; KanR (Schulz et al. 2022) 

EJR114 XL1-Blue pIMK3-cwlO; KanR (Schulz et al. 2022) 

EJR115 S17-1 pIMK3-cwlO; KanR (Schulz et al. 2022) 

EJR129 XL 10-Gold pUT18c-murZ; AmpR 
DNA: Lmo 10403s, primer: 
JR116/117, enzymes: XbaI/KpnI, 
ligated into pUT18c 

EJR130 XL 10-Gold pUT18-murZ; AmpR 
DNA: Lmo 10403s, primer: 
JR116/117, enzymes: XbaI/KpnI, 
ligated into pUT18 

EJR132 S17-1 pIMK3-glmR; KanR (Schulz et al. 2022) 

EJR133 S17-1 pIMK3-glmU; KanR (Schulz et al. 2022) 

EJR134 S17-1 pIMK3-glmM; KanR (Schulz et al. 2022) 

EJR135 S17-1 pIMK3-glmS; KanR (Schulz et al. 2022) 

EJR150 
 

XL 10-Gold pIMK2-eslAB-His; KanR 

DNA: Lmo 10403s, primer: 
JR162/197, enzymes: NcoI/SalI, 
ligated into pIMK2 
 

EJR162 XL1-Blue pIMK2-mNeonGreen-His; KanR 
DNA: Lmo 10403s, primer: 
JR188/73, enzymes: NcoI/SalI, 
ligated into pIMK2 

EJR163 XL1-BluepWH844-prfA 
DNA: Lmo EGD-e, primer: 
JR189/190, enzymes: PstI/SalI, 
ligated into pWH844 

EJR166 XL1-Blue pMC38; CatR ANG2668 → XL1-Blue 

EJR167 XL1-BluepMC39; CatR ANG2669 → XL1-Blue 

EJR168 XL1-Blue pIMK3-lmo1071; KanR ANG4261 → XL1-Blue 

EJR169 XL1-Blue pIMK3-lmo2427; KanR ANG4892 → XL1-Blue 

EJR170 XL1-Blue pIMK3-lmo2687; KanR ANG4893 → XL1-Blue 

EJR171 XL1-Blue pIMK2-GFP-linker-lmo1071; KanR ANG4913 → XL1-Blue 

EJR172 XL1-Blue pIMK2-GFP-linker-lmo2427; KanR ANG4914 → XL1-Blue 

EJR173 XL1-Blue pIMK2-GFP-linker-lmo2428; KanR ANG4915 → XL1-Blue 

EJR174 XL1-Blue pIMK2-GFP-linker-lmo2687; KanR ANG4916 → XL1-Blue 

EJR175 XL1-Blue pIMK2-GFP-linker-lmo2688; KanR ANG4917 → XL1-Blue 

EJR176 XL1-Blue pIMK3-lmo2428; KanR ANG4976 → XL1-Blue 

EJR177 XL1-Blue pIMK3-lmo2688; KanR ANG4977 → XL1-Blue 

EJR178 
XL1-Blue pIMK3-lmo1071-linker-
mNeonGreen; KanR 

ANG5041 → XL1-Blue 

EJR179 
XL1-Blue pIMK3-lmo2427-linker-
mNeonGreen; KanR 

ANG5042 → XL1-Blue 

EJR180 
XL1-Blue pIMK3-lmo2428-linker-
mNeonGreen; KanR 

ANG5043 → XL1-Blue 

EJR181 
XL1-Blue pIMK3-lmo2687-linker-
mNeonGreen; KanR 

ANG5044 → XL1-Blue 
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EJR182 
XL1-Blue pIMK3-lmo2688-linker-
mNeonGreen; KanR 

ANG5045 → XL1-Blue 

EJR183 S17-1 pIMK3-lmo1071; KanR ANG4261 → S17-1 

EJR184 S17-1 pIMK3-lmo2427; KanR ANG4892 → S17-1 

EJR185 S17-1 pIMK3-lmo2687; KanR ANG4893 → S17-1 

EJR186 S17-1 pIMK2-GFP-linker-lmo1071; KanR ANG4913 → S17-1 

EJR187 S17-1 pIMK2-GFP-linker-lmo2427; KanR ANG4914 → S17-1 

EJR188 S17-1 pIMK2-GFP-linker-lmo2428; KanR ANG4915 → S17-1 

EJR189 S17-1 pIMK2-GFP-linker-lmo2687; KanR ANG4916 → S17-1 

EJR190 S17-1 pIMK2-GFP-linker-lmo2688; KanR ANG4917 → S17-1 

EJR191 S17-1 pIMK3-lmo2428; KanR ANG4976 → S17-1 

EJR192 S17-1 pIMK3-lmo2688; KanR ANG4977 → S17-1 

EJR193 
S17-1 pIMK3-lmo1071-linker-
mNeonGreen; KanR 

ANG5041 → S17-1 

EJR194 
S17-1 pIMK3-lmo2427-linker-
mNeonGreen; KanR 

ANG5042 → S17-1 

EJR195 
S17-1 pIMK3-lmo2428-linker-
mNeonGreen; KanR 

ANG5043 → S17-1 

EJR196 
S17-1 pIMK3-lmo2687-linker-
mNeonGreen; KanR 

ANG5044 → S17-1 

EJR197 
S17-1 pIMK3-lmo2688-linker-
mNeonGreen; KanR 

ANG5045 → S17-1 

EJR263 XL10-Gold pUT18c-minC 
DNA: 10403S, primer: 
JR291/292, enzymes: XbaI/KpnI, 
ligiert in pUT18C 

EJR264 XL10-Gold pUT18-minC 
DNA: 10403S, primer: 
JR291/292, enzymes: XbaI/KpnI, 
ligiert in pUT18 

EJR265 XL10-Gold pKT25-minC 
DNA: 10403S, primer: 
JR291/292, enzymes: XbaI/KpnI, 
ligiert in pKT25 

EJR266 XL10-Gold pKT25N-minC 
DNA: 10403S, primer: 
JR291/292, enzymes: XbaI/KpnI, 
ligiert in pKNT25 

EJR267 XL10-Gold pUT18c-minC 
DNA: 10403S, primer: 
JR293/294, enzymes: XbaI/KpnI, 
ligiert in pUT18C 

EJR268 XL10-Gold pUT18-minC 
DNA: 10403S, primer: 
JR293/294, enzymes: XbaI/KpnI, 
ligiert in pUT18 

EJR269 XL10-Gold pKT25-minC 
DNA: 10403S, primer: 
JR293/294, enzymes: XbaI/KpnI, 
ligiert in pKT25 

EJR270 XL10-Gold pKT25N-minC 
DNA: 10403S, primer: 
JR293/294, enzymes: XbaI/KpnI, 
ligiert in pKNT25 
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9.7 L. monocytogenes strains used in this study 

Strain Genotype Reference/Construction 

ANG873 EGD-e (Glaser et al. 2001) 

ANG1263 10403S; StrepR (Bishop and Hinrichs 1987) 

ANG4275 10403S∆eslB(1); StrepR (Rismondo et al. 2021) 

ANG4678 10403S pIMK3-eslB; StrepR KanR (Rismondo et al. 2021) 

ANG4688 
10403S∆eslB(1) pIMK3-eslB (or short: 
10403S∆eslB(1) compl.); StrepR KanR 

(Rismondo et al. 2021) 

ANG1263 10403S; StrepR (Bishop and Hinrichs 1987) 

ANG4275 10403S∆eslB(1); StrepR (Rismondo et al. 2021) 

ANG4678 10403S pIMK3-eslB; StrepR KanR (Rismondo et al. 2021) 

ANG4688 
10403S∆eslB(1) pIMK3-eslB (or short: 
10403S∆eslB(1) compl.); StrepR KanR 

(Rismondo et al. 2021) 

ANG5386 10403S∆eslB(1) murZM240fs; StrepR (Schulz et al. 2022) 

ANG5479 10403S∆eslB(1) walKR553H; StrepR (Schulz et al. 2022) 

ANG5480 10403S∆eslB(1) walKN283E; StrepR (Schulz et al. 2022) 

ANG5488 10403S∆eslB(1) ftsXG253R; StrepR (Schulz et al. 2022) 

ANG5489 10403S∆eslB(1) walKA570V; StrepR (Schulz et al. 2022) 

ANG5499 10403S∆eslB(1) reoMK23fs; StrepR (Schulz et al. 2022) 

ANG5662 10403S∆eslB(2); StrepR (Rismondo et al. 2021) 

ANG5663 
10403S∆eslB(2) pPL3e-PeslA-eslABC (or 
short: 10403S∆eslB(2) compl.); ErmR 
StrepR 

(Rismondo et al. 2021) 

ANG5685 10403S∆eslB(3); StrepR (Schulz et al. 2022) 

ANG5698 10403S∆eslB(1) murZQ307fs; StrepR (Schulz et al. 2022) 

ANG5699 10403S∆eslB(2) walKI583T; StrepR (Schulz et al. 2022) 

ANG5708 10403S∆eslB(2) prpCP159L; StrepR (Schulz et al. 2022) 

ANG5710 10403S∆eslB(2) cwlOR106H; StrepR (Schulz et al. 2022) 

ANG5714 10403S∆eslB(2) ftsEQ220-; StrepR (Schulz et al. 2022) 

ANG5717 10403S∆eslB(2) pbpA1G125D; StrepR (Schulz et al. 2022) 

ANG5729 10403S∆eslB(3) tarLP282L; StrepR (Schulz et al. 2022) 

ANG5730 10403S∆eslB(3) cwlOR135P; StrepR (Schulz et al. 2022) 

ANG5733 10403S∆eslB(2) walRS216G; StrepR (Schulz et al. 2022) 

ANG5734 10403S∆eslB(2) walKH463D; StrepR (Schulz et al. 2022) 

ANG5737 10403S∆eslB(2) walKV234L; StrepR (Schulz et al. 2022) 

ANG5741 10403S∆eslB(2) walKR480H; StrepR (Schulz et al. 2022) 

ANG5746 10403S∆eslB(3) Pdlt*; StrepR (Schulz et al. 2022) 

ANG5749 10403S∆eslB(3) walKH368Y; StrepR (Schulz et al. 2022) 

ANG5750 10403S∆eslB(3) walRE12G; StrepR (Schulz et al. 2022) 

ANG5754 10403S∆eslB(3) walKP600S; StrepR (Schulz et al. 2022) 

LJR24 10403S pIMK3; StrepR KanR (Schulz et al. 2022) 

LJR25 10403S∆eslB(2) pIMK3; StrepR KanR (Schulz et al. 2022) 

LJR26 10403S pIMK3-murA; StrepR KanR (Schulz et al. 2022) 
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LJR27 10403S∆eslB(2) pIMK3-murA; StrepR KanR (Schulz et al. 2022) 

LMJR138 EGD-e ∆clpC (Rismondo et al., 2016) 

LJR187 EGD-e fepRN170fs (Schulz et al. 2023) 

LJR188 EGD-e PfepR
G-27T (Schulz et al. 2023) 

LJR190 EGD-e fepRG157* (Schulz et al. 2023) 

LJR194 EGD-e fepR45-46 (Schulz et al. 2023) 

LJR196 EGD-e fepR99 (Schulz et al. 2023) 

LJR208 EGD-e fepRQ140* (Schulz et al. 2023) 

LJR209 EGD-e fepRY155* (Schulz et al. 2023) 

LJR210 EGD-e fepRQ140* (Schulz et al. 2023) 

LJR211 EGD-e fepRV115D (Schulz et al. 2023) 

LJR212 EGD-e fepR45-46 (Schulz et al. 2023) 

LJR213 EGD-e fepRS23L (Schulz et al. 2023) 

LJR214 EGD-e fepRQ140* (Schulz et al. 2023) 

LJR215 EGD-e PfepR
A-33G (Schulz et al. 2023) 

LJR216 EGD-e fepRM126fs (Schulz et al. 2023) 

LJR217 EGD-e fepR45-46 (Schulz et al. 2023) 

LJR218 EGD-e fepRL24F (Schulz et al. 2023) 

LJR219 EGD-e fepRINS29DIA (Schulz et al. 2023) 

LJR220 EGD-e fepR45-46 (Schulz et al. 2023) 

LJR221 EGD-e fepRW137fs (Schulz et al. 2023) 

LJR222 EGD-e fepRM126fs (Schulz et al. 2023) 

LJR231 EGD-e pIMK3-fepA; KanR (Schulz et al. 2023) 

LJR234 EGD-e PsugR
G-11T (Schulz et al. 2023) 

LJR235 EGD-e sugRF49fs (Schulz et al. 2023) 

LJR248 EGD-e sugRD122* (Schulz et al. 2023) 

LJR249 EGD-e sugRD122* (Schulz et al. 2023) 

LJR250 EGD-e sugRD122* (Schulz et al. 2023) 

LJR261 EGD-e fepA (Schulz et al. 2023) 

LJR262 EGD-e sugE1/2 (Schulz et al. 2023) 

LJR265 EGD-e fepA pIMK3-fepA; KanR (Schulz et al. 2023) 

LJR266 EGD-e fepA sugRD71* (Schulz et al. 2023) 

LJR267 EGD-e fepA sugRF49fs (Schulz et al. 2023) 

LJR268 EGD-e fepA sugRS44* (Schulz et al. 2023) 

LJR269 EGD-e fepA sugRA23D (Schulz et al. 2023) 

LJR270 EGD-e sugE1/2 fepRG157* (Schulz et al. 2023) 

LJR271 EGD-e sugE1/2 fepRI185fs (Schulz et al. 2023) 

LJR272 EGD-e sugE1/2 fepRD171fs (Schulz et al. 2023) 

LJR273 EGD-e sugE1/2 fepRP107L (Schulz et al. 2023) 

LJR274 EGD-e sugE1/2 fepRE89fs (Schulz et al. 2023) 

LJR275 EGD-e sugE1/2 fepRA154E (Schulz et al. 2023) 

LJR276 EGD-e sugE1/2 fepRV115fs (Schulz et al. 2023) 

LJR277 EGD-e sugE1/2 fepRV115fs (Schulz et al. 2023) 
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LJR280 EGD-e fepA sugRL57* (Schulz et al. 2023) 

LJR281 EGD-e fepA sugRY19fs (Schulz et al. 2023) 

LJR282 EGD-e fepA sugRS81* (Schulz et al. 2023) 

LJR283 EGD-e fepA sugRS81* (Schulz et al. 2023) 

LJR301 EGD-e pIMK3-sugE1/2; KanR (Schulz et al. 2023) 

LJR302 EGD-e pPL3e-PfepR
A-33G-lacZ; ErmR (Schulz et al. 2023) 

LJR303 EGD-e pPL3e-PfepR
G-27T-lacZ; ErmR (Schulz et al. 2023) 

LJR326 EGD-e fepA sugE1/2 lmo1753K19fs, 

short: fepA sugE1/2 BAC1 
(Schulz et al. 2023) 

LJR327 EGD-e fepA sugE1/2 lmo1753K19fs, 

short: fepA sugE1/2 CTAB1 
(Schulz et al. 2023) 

LJR328 EGD-e fepA sugE1/2 lmo1753K19fs, 

short: fepA sugE1/2 CTAB2 
(Schulz et al. 2023) 

LJR329 EGD-e fepA sugE1/2 (Schulz et al. 2023) 

LJR330 EGD-e fepA sugE1/2 lmo1753V225fs 

Plmo1682
G-37A, short: fepA sugE1/2 BAC2 

(Schulz et al. 2023) 

LJR336 EGD-e pPL3e-PfepR-lacZ; ErmR (Schulz et al. 2023) 

 

9.8 L. monocytogenes strains constructed in this study 

Strain Genotype Reference/Construction 

LJR6 10403S pKSV7-eslC; StrepR; CamR EJR43 → 10403S (ANG1263), 
deletion protocol performed 

LJR7 10403S∆eslC; StrepR (Rismondo et al. 2021) 

LJR14 10403S attB::PeslA-lacZ; StrepR, ErmR pPL3e-PeslA (EJR2)→ 10403S 
(ANG1263) 

LJR15 10403SeslR attB::PeslA-lacZ; StrepR, 
ErmR 

pPL3e-PeslA (EJR2)→ 10403S 

eslR (ANG5588) 

LJR18 10403SeslA-R; StrepR EJR44 → 10403S (ANG1263), 
deletion protocol performed 

LJR19 10403SeslA-R; StrepR EJR44 → 10403S (ANG1263), 
deletion protocol performed 

LJR21 
10403S∆eslC pPL3e-PeslA-eslABC (or 
short: 10403S∆eslC compl.); ErmR, 
StrepR 

(Rismondo et al. 2021) 

LJR27 
10403S∆eslB(2) pIMK3-murA; StrepR, 
KanR 

(Schulz et al. 2022) 

LJR28 
10403S pIMK2-mNeonGreen-zapA; 
StrepR, KanR 

(Rismondo et al. 2021) 

LJR29 
10403S∆eslB(2) pIMK2-mNeonGreen-
zapA; StrepR, KanR 

(Rismondo et al. 2021) 

LJR33 10403S∆eslA; StrepR (Rismondo et al. 2021) 
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LJR34 
10403S∆eslA pPL3e-PeslA-eslABC (or 
short: 10403S∆eslC compl.); ErmR, 
StrepR 

(Rismondo et al. 2021) 

LJR35 10403S pKSV7-cwlO; StrepR, AmpR pKSV7-cwlO (EJR63)→ 10403S  

LJR37 10403S∆cwlO; StrepR (Schulz et al. 2022) 

LJR38 10403S pIMK2-divIVA-mNeonGreen, 
StrepR, KanR 

pIMK2-divIVA-mNeonGreen 
(EJR92)→ 10403S using S17-1 
as donor (EJR90) 

LJR39 10403SeslB pIMK2-divIVA-
mNeonGreen; StrepR, KanR 

pIMK2-divIVA-mNeonGreen 

(EJR92)→ 10403S eslB 
(ANG5662) using S17 as donor 
(EJR90) 

LJR42 10403S pIMK2-eslAB-mNeonGreen; 
StrepR, KanR 

pIMK2-eslAB-mNeonGreen 
(EJR101)→ 10403S using S17-1 
as donor (EJR102) 

LJR43 10403S eslB pIMK2-eslAB-
mNeonGreen; StrepR, KanR 

pIMK2-eslAB-mNeonGreen 

(EJR101)→ 10403S eslB 
(ANG5662) using S17-1 as 
donor (EJR102) 

LJR53 10403S pKSV7-sod; StrepR, AmpR  pKSV7-sod (EJR76) → 10403S 

LJR54 10403S pKSV7-corA; StrepR, AmpR pKSV7-corA (EJR73) → 10403S 

LJR55 10403S pKSV7-kat; StrepR, AmpR pKSV7-kat (EJR75) → 10403S 

LJR56 
10403S∆eslB(3) pPL3e-PeslA-eslABC (or 
short: 10403S∆eslB(3) compl.); ErmR, 
StrepR 

(Schulz et al. 2022) 

LJR61 10403S PcwlO-lacZ; ErmR, StrepR 
pPL3e-PcwlO-lacZ (EJR41) → 
10403S using S17-1 as donor 

LJR62 10403S∆eslB(2)-PcwlO-lacZ; ErmR, StrepR 
pPL3e-PcwlO-lacZ (EJR41) → 

10403S eslB (ANG5662) using 
S17-1 as donor 

LJR63 
10403S∆eslB(2) pIMK3-glmR; StrepR 
KanR 

(Schulz et al. 2022) 

LJR64 
10403S∆eslB(2) pIMK3-glmU; StrepR; 
KanR 

(Schulz et al. 2022) 

LJR65 
10403S∆eslB(2) pIMK3-glmM; StrepR; 
KanR 

(Schulz et al. 2022) 

LJR66 
10403S∆eslB(2) pIMK3-glmS; StrepR; 
KanR 

(Schulz et al. 2022) 

LJR67 10403S pIMK3-glmR; StrepR, KanR 
EJR106 → 10403S using S17-1 
as donor (EJR132) 

LJR68 10403S pIMK3-glmU; StrepR, KanR 
EJR107 → 10403S using S17-1 
as donor (EJR133) 

LJR69 10403S pIMK3-glmM; StrepR, KanR 
EJR108 → 10403S using S17-1 
as donor (EJR133) 

LJR70 10403S pIMK3-glmS; StrepR, KanR 
EJR112 → 10403S using S17-1 
as donor (EJR133) 
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LJR71 10403S pKSV7-anrA; StrepR, AmpR pKSV7-anrA (EJR74) → 10403S,  
 

LJR76 10403ScorA; StrepR pKSV7-corA (EJR73) → 10403S, 
deletion protocol performed  
 

LJR77 10403Skat; StrepR, pKSV7-kat (EJR75) → 10403S, 
deletion protocol performed  
 

LJR78 10403SanrA; StrepR  pKSV7-anrA (EJR74) → 10403S, 
deletion protocol performed  

LJR79 10403S pPL3e-lacZ; StrepR, EryR pPL3e-lacZ (ANG5181) → 
10403S using S17-1 as donor 

LJR80 10403S∆eslB(2) pPl3e-lacZ; StrepR, EryR pPL3e-lacZ (ANG5181) → 
10403S ΔeslB (ANG5662) using 
S17-1 as donor 

LJR81 10403S pIMK2-mNeonGreen-His; 
StrepR, KanR 

pIMK2-mNeonGreen-His 
(EJR162) → 10403S using S17-1 
as donor 

LJR82 10403S pIMK2-eslAB-His; StrepR, KanR pIMK2-eslAB-His (EJR150) → 
10403S ΔeslB (ANG5662) using 
S17-1 as donor  

LJR84 10403SeslB, StrepR, lmrg_0267 
deletion_first 1333 bp deletion of 
lmrg_02674; StrepR 

ANG5662 suppressos evolved 
in presence of Glucose stress 

LJR85 10403S eslB lmo1268A81D; StrepR ANG5662 suppressos evolved 
in presence of glucose stress 

LJR86 10403S eslB cwlOR106HwalRN117S; StrepR ANG5710 suppressos evolved 
in presence of lysozyme stress 

LJR87 10403SeslB cwlOR106H lmo1821D8N; 
StrepR 

ANG5710 suppressos evolved 
in presence of lysozyme stress 

LJR88 10403SeslB Plmo1268
*; StrepR ANG5662 suppressos evolved 

in presence of heat stress 

LJR89 10403SeslB lmo1079Del, K59fFs; StrepR ANG5662 suppressos evolved 
in presence of heat stress 

LJR90 10403SeslB lmo2240T40K; StrepR ANG5662 suppressos evolved 
in presence of heat stress 

LJR91 10403 eslB lmo1268G215D; StrepR ANG5662 suppressos evolved 
in presence of heat stress 

LJR98 10403S pKSV7-eslABC; StrepR, AmpR EJR105 (pKSV7-eslABC) → 
10403S (ANG1263),  

LJR101 10403SeslABC; StrepR,  EJR105 (pKSV7-eslABC) → 
10403S (ANG1263), deletion 
protocol performed 

LJR103 
10403S∆cwlO pIMK3-cwlO; StrepR, 
KanR 

(Schulz et al. 2022) 
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LJR112 10403S pIMK3-lmo1315; StrepR, KanR pIMK3-lmo1315 (EJR109) → 
10403S (ANG1263), using S17 
(EJR110) as donour  

LJR113 10403SeslB pIMK3-lmo1315; StrepR, 
KanR 

pIMK3-lmo1315 (EJR109) → 

10403S eslB (ANG5662), using 
S17 (EJR110) as donour  

LJR114 
10403S∆cwlO pIMK3-cwlO pKSV7-
∆eslB; StrepR, KanR, CamR 

(Schulz et al. 2022) 

LJR119 
10403S∆cwlO pIMK3-cwlO ∆eslB; 
StrepR, KanR 

(Schulz et al. 2022) 

LJR120 10403S pIMK3-cwlO; StrepR, KanR pIMK3-cwlO (LJR114) → 
10403S (ANG1263, using S17 
(EJR115) as donour strain 

LJR121 10403S eslB pIMK3-cwlO; StrepR, KanR pIMK3-cwlO (LJR114) → 
10403S ∆eslB (ANG5662), using 
S17 (EJR115) as donour strain 

LJR257 EGD-e sugRL64* (Schulz et al. 2023) 

LJR258 EGD-e sugRF49fs (Schulz et al. 2023) 

LJR259 EGD-e sugRF49fs (Schulz et al. 2023) 

LJR260 EGD-e sugRF49fs (Schulz et al. 2023) 

 

9.9 B. subtilis strains used in this study  

Strain Genotype Reference/Construction 

168 trpC2 AG-stuelke 

PG389 amyE::PcomG-lacZ-gfp-cat (Gamba et al., 2015) 

GP2630 trpC amyE::PcomG-lacZ-gfp-cat (Benda et al. 2021) 

GP2646 trpC2 ∆ytrGABCDEF::ermC (Benda et al. 2021) 

GP2647 trpC2 ∆ytrA::ermC (Benda et al. 2021) 

GP2664 trpC2 amyE::PcomG-lacZ-gfp ∆ftsH::aphA3 (Benda et al. 2021) 

GP2665 trpC2 amyE::PcomG-lacZ-gfp ∆nrnA::aphA3 (Benda et al. 2021) 

GP2666 trpC2 amyE::PcomG-lacZ-gfp ∆greA::aphA3 (Benda et al. 2021) 

GP2667 trpC2 amyE::PcomG-lacZ-gfp ∆ytrA::spc (Benda et al. 2021) 

GP2671 trpC2 amyE::PcomG-lacZ-gfp ∆comEC::spc (Benda et al. 2021) 

GP2672 trpC2 amyE::PcomG-lacZ-gfp ∆degU::aphA3 (Benda et al. 2021) 

GP2700 trpC2 ∆ytrF::cat (Benda et al. 2021) 

GP3186 trpC2 ∆ytrGABCDE::ermC (Benda et al. 2021) 

GP3187 trpC2 ∆ytrF::cat ∆ytrA::ermC (Benda et al. 2021) 

GP3193 trpC2 ∆ytrA::ermC ∆ytrB (Benda et al. 2021) 

GP3194 trpC2 ∆ytrA::ermC ∆ytrC (Benda et al. 2021) 

GP3195 trpC2 ∆ytrA::ermC ∆ytrD (Benda et al. 2021) 

GP3205 trpC2 ∆ytrCD::cat (Benda et al. 2021) 

GP3206 trpC2 ∆ytrA::ermC ∆ytrB ∆ytrE (Benda et al. 2021) 
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GP3212 comIQ12L ∆ytrA::spc (Benda et al. 2021) 

9.10 B. subtilis strains constructed in this study 

Strain Genotype Reference/Construction 

BLMS2 trpC2 ∆ytrCD (Benda et al. 2021) 

BLMS3 trpC2 ∆ytrA::erm ∆ytrCD (Benda et al. 2021) 

BLMS4 168 + pAC7-Pdlt; AmpR (Schulz et al. 2022) 

BLMS5 168 + pAC7-Pdlt
*; AmpR (Schulz et al. 2022) 
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